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ABSTRACT

Road crossing culverts can pose passage barrigrggdialmonid migration.
However, existing models to predict passage havéeen sufficiently tested,
particularly for non-anadromous species. In addjtmost existing tools for evaluating
culvert passage status categorize culverts asljassaimpassable whereas an estimate
of the probability of passage under a range of $lewd hydraulic conditions would be
more useful for assessing barrier status. Thisystsdd Half-duplex (HDX) Passive
Integrated Transponder (PIT) tags and PIT tag negaintennas to examine the ability of
migrating fluvial-adfluvial Yellowstone cutthroaiout Oncorhynchus clarkii bouvieri to
pass through three distinct culvert types overrgetsaof hydraulic conditions. PIT tag
detecting antennas were installed on the uppetaarer ends of each culvert and below
the plunge pool downstream of the culvert. Thisigie allowed determination of (1)
passage success or failure; (2) the number of gasggempts made at each culvert; and
(3) the time required for passage through eachecyland (4) the number of tagged
individuals that attempted passage at a parti@ullvert. Factors shown to increase the
probability of passage included shorter fish lengtgher water temperature, lower water
velocity, and small outlet drop height. Stepwisgistic regression was used to create a
model that contained water velocity alone thatexctiy predicted the probability of
passage in 88.9% of cases<10.91,P < 0.001). Box culverts with baffles had
significantly higher passage rates and lower vékxthat paralleled that observed in a
natural stream channel. Congruency of observedagassith that predicted by the
FishXing model was generally low (50%) suggestimgneed for further field validation
of the model. Study results indicated that 1) 3 detection systems offer distinct
advantages for assessing culvert fish passagédiufirther testing of antenna designs is
needed to increase efficacy of their use; 2) aollitif baffles can increase culvert
passage rates; and 3) probability of passage cdessdoped in this study offer a useful
tool for assessing barrier status of individualveuls and estimating the need for culvert
removal or retrofitting.
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INTRODUCTION

Fish passage through road culverts has becomea omajcern of engineers and
biologists when designing new culverts, retrofdtoulverts with baffles or weirs, or
completely replacing culverts (Baker and Votapk@@9/otapka 1991; Lang et al. 2004;
Gibson et al. 2005). With an estimated 2,600 atsviiat block fish migrations on
Federal Lands in Oregon and Washington (Generabéaing Office 2001), nearly
2,200 culverts on Oregon state and county propkétycould pose fish passage problems
(Mirati 1999) and limited fiscal budgets, prioritig culverts for replacement is
becoming a monumental task (General Accountingc®f#001; O’Hanley and
Tomberlin 2005).Culverts were designed to move water in the mdstient way
possible with little or no regard for fish pass@§iéngeman 2000). In situations where
agency guidelines are in place to ensure fish gassack of oversight during installation
can lead to the lack of compliance with guidelif@gson et al. 2005). Culverts are now
being reexamined to determine fish passage capediland new guidelines for culvert
installation and replacement are being createdi@®aket al. 1999). In situations where
replacement is not a viable option, the additiomeadbcity reducing baffles may be a cost
effective measure for increasing passage (Lang 2064; Macdonald and Davies 2007).

Culverts at road crossings have the potentialgtiiog or prevent migration of
fishes (Belford and Gould 1989; Warren and Pard@98). Increased velocity,
decreased depth, lack of velocity refugia, outtepdheight, and plunge pool depth are all
factors that can reduce the probability of fishgaae (Belford and Gould 1989; Warren

and Pardew 1998; Cahoon et al. 2005). By impettiagpassage of upstream migrants,
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culverts can result in the loss of critical spavgninabitat which can greatly reduce fish
production in a stream (Gibson et al. 2005). Ismeand fragmentation increases the
risk of loss of genetic diversity and the likeliltbof local extirpation (Beamish and
Northcote 1989; Winston et al. 1991; Morita and aanoto 2002; Wofford et al 2005;
Sheer and Steel 2006).

Studies involving both direct and indirect methbdse been used to examine fish
passage. Studies that employ direct methods,dimgumark-recapture techniques,
require individuals to be captured and tagged dowam of a potential barrier and
captured again when they successfully pass thetaltearrier (Belford and Gould
1989; Warren and Pardew 1998; Schmetterling &0f12; Burford 2005). Although
these studies are useful for determining if po&iarriers are passable, they can be
labor intensive and the number of culverts thatlmamonitored is limited. Additionally,
capturing fish on multiple occasions can incredsass levels and may bias results
because of behavioral changes (Mesa and Schre& C88ments et al. 2002).

The use of radio telemetry eliminates the needhrfoltiple captures and can
determine if passage is successful. However, tagi® are large and expensive which
can limit the size and number of individuals tagg8attery life can also be limiting
(Diana et al. 1990) and the exact time of passagéficult to determine which makes
conditions at time of passage difficult to ascertali

Indirect methods of determining culvert passagtuote the use of software such
as FishXing, which was developed in 1999 and ilWidsed to assess passage

restriction at culverts (FishXing 1999; Lang et2004; Castro-Santos 2006). This
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software program combines published fish swimmiedgrmance data (i.e. swimming
speeds, swimming times, jumping ability, and fishdth) and hydraulic computations
based on culvert characteristics (i.e. shape, slopghness, and outlet drop) to predict
fish passage. Although this method is less laik@nisive than direct methods, and
allows for the assessment of many culverts, itftwdeen sufficiently field tested to
determine if resulting predictions are accurateriga005).

Another indirect method for assessing fish passageires information about
swimming speed and duration and jumping abilitiedar controlled conditions
(Beamish 1978; Haro et al. 2004; Peake 2004; Kaisdfand Myrick 2005). Critical
swimming speeds can be used to determine maximesdsgnd the duration that a
certain speed can be maintained, and these dataecased in designing new or
modifying existing culverts (Mesa et al. 2004). vitwer, data gathered under laboratory
conditions may not always be applicable under foeldditions (Castro-Santos 2004).

An alternative approach for examining fish moveneattils the use of passive
integrated transponder (PIT) tags (Lucas et al91@8sson and Greenberg 2001,
Aarestrup et al. 2003). Information gathered fi@hh tags and PIT tag detecting
antennas is similar to that from other remote sengchniques such as radio-telemetry.
However, PIT tags are less expensive than radedad do not require an internal
battery which allows tagging of smaller individuaBecause it is not necessary to
recapture PIT tagged fish, the possibility of bebeatl modifications due to multiple
captures and capture gear selectivity are redudedh@ardt et al. 2000)Antenna arrays

can also be operated nearly continuously, allowiagsage monitoring over a wide range
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of flows and at multiple sites. The most usefaltiee of PIT tags is that the time of
detection is recorded which can be used to asgogiavement with other factors (i.e.,
temperature and velocity).

An additional shortcoming of current methods ohfiassage assessment is that
structures are typically rated dichotomously alsegibarriers or non-barriers to
movement. However, the probability of passagdyikaries as a function of
temperature, discharge, and fish species andalZactors that influence the ability of
individual fish to pass through a structure. Fxaraple, a culvert that is impassable at
low flow may become passable at higher flows. &irlyi, passage attempts and success
may increase at warmer temperatures. Passagessus@so influenced by the number
of attempts at passage, migration distance, anduheer of obstacles encountered
(Reiser et al. 2006).

The use of PIT tag detecting antenna arrays prewiue potential for
simultaneous monitoring of these factors for aetgrof culverts and over a range of
environmental conditions (e.g., Lang et al. 20@4ixrthermore, quantitative information
on factors that influence passage success (e.guthéer of attempts, travel time through
culverts, and the identification of individuals tletempted passage but failed) can be
assessed. A limitation of PIT tag technology ieedgon range and accuracy of tags
passing through an antenna (Zydlewski et al. 200)s limitation may be particularly
problematic when antennas are located near fematials (OregonRFID). Another

potential problem with PIT tag antennas is highvBdhat may destroy antennas.
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Yellowstone cutthroat trou®ncorhynchus clarkii bouvieri (YCT) is listed as a
“species of special concern” and was petitionedi$ting as a threatened species under
the Endangered Species Act (United States Depattofid¢ime Interior 2006). The
historical range of Yellowstone cutthroat trout empassed much of the Yellowstone
River basin, including parts of the Clarks Fork &ivBighorn River and Tongue River
basins in Montana and Wyoming, and parts of th&k&Raver basin in Wyoming, Idaho,
Utah, and Nevada (Behnke 1992). Populations of ¥CRe mainstem Yellowstone
River have declined dramatically, in part due t® lthw number of spawning tributaries
and associated dewatering problems (Clancy 198Bivial-adfluvial populations in
Montana are currently restricted to the Yellowst&neer drainage, primarily upstream
of Big Timber, Montana (Clancy 1988) where theyumecapproximately 43% of their
historical range of approximately 28,003 km (Magket2003).

Fluvial-adfluvial YCT migrate out of the main stevhthe Yellowstone River and
into tributaries to spawn from June through Julytfmdescending limb of the
hydrograph (Clancy 1988; De Rito 2004). Rainbavut©O. mykiss (RBT) from the
mainstem Yellowstone River spawn in the same taibes but spawn 5 - 9 weeks earlier
than YCT (De Rito 2004). However, there is oveilagpawning periods, and
hybridization frequently occurs (De Rito 2004; Hersbn et al. 2000). Because YCT
and RBT spawn at different times, discharge regitnesigh culverts and water
temperatures can be very different, and passatiedfvo species may be affected in
different ways. The overall goal of my study wagkamine passage success of YCT

and RBT in relation to varying temperatures andtthsges through a series of culverts
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on Mulherin Creek, a major spawning tributary fottbspecies, using PIT tag antenna

technology.

Objectives and hypotheses for this study were to:

1) compare passage success of non-baffled bornts\baffled box culverts,
unbaffled pipe culverts, and a natural substratdrobreach;

2) determine what factors, both biotic and abidti@t most influence the
probability of culvert passage;

3) compare passage success of non-baffled ane&difix culverts over similar
temperature and discharge conditions;

4) compare observed field results to predictedltesdi the FishXing passage
model;

5) examine the amount of potential spawning graegh above and below
culverts to determine the amount that may be losttd impassable culverts.

Hypothesis 1. The probability of passage of fliadfluvial Yellowstone
cutthroat and rainbow trout through culverts vavigth water velocity and culvert type.

Hypothesis 2. Passage times and number of pastaggss will be different for
different type culverts.

Hypothesis 3. Total length will affect the abiliy a fish to pass through a

culvert.



7

STUDY AREA

Mulherin Creek is a high gradient second ordeutaby of the Yellowstone River
located 12.9 km northwest of Gardiner, MT (Figuye Average gradient from
headwaters to mouth is 11.6% (M. Blank, MSU Departhof Civil Engineering,
unpublished data) and total length is 17.9 km (MoatFisheries Information System
2005). Lower reaches have a lower gradient and@renated by small cobble and
gravel substrate with numerous riffles and podfkddle reaches are high gradient
containing cascades and numerous small falls ddedray boulder and large cobble
substrate with small pockets of gravel on the strezargins. Upper reaches are
primarily comprised of riffles and pools with grdead cobbles dominating. Mulherin
Creek was chosen as a study site because it comtaariety of culvert types including
both baffled and unbaffled box culverts as welliabaffled steel pipe culverts. The
system has a relatively large spawning populatidtugial-adfluvial YCT from the
Yellowstone River. Spawning habitat was thoughtedimited in the lower reaches of
the stream therefore migrating fluvial-adfluvial Y@nd RBT should have had sufficient
motivation to pass through multiple culverts in@rtb reach suitable spawning habitat in
higher elevation tributaries.

Native species present in Mulherin Creek includery@ountain whitefish
Prosopium williamsoni, white suckeCatostomus commersoni, longnose sucket.
catostomus, mountain sucke€. platyrhynchus, mottled sculpirCottus bairdi, and
longnose dacBhinichthys cataractae. Non-native species include RBT and brown trout

Salmo trutta.
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METHODS

Study Culverts

The five culverts on Mulherin Creek consisted aethdifferent types that varied
by type of construction, length, outlet drop hejgind other dimensions (Figures 2 and
3). A bridge and a control reach were also idedito as to compare movement through
culverts in relation to a control reach of simikangth as culverts and to a road crossing
at a bridge without a culvert (Figure 1). Physiwaasurements of each culvert were
obtained with a total station surveying unit antbdavel. Measurements included
length, height, width and baffle size/configurat{@mpresent), plunge pool depth, outlet

height, slope of the culvert, and slope of the deaboth upstream and downstream of

the culvert.

Figure 1. Location of the weir trap, five studyharts, the bridge, and the control reach on
Mulherin Creek, Montana.



Cross-section of culverts 1, 2, and 3

3.7m
45° fillets
0.3mx0.3m 1.8m
I 2.1 n , \
culvert 1: 11.4 m, outlet drop: 17.0 cm
Plan view of culverts 2 and 3
] 0.2m ] ] flow
——>
1.5m
o on center

culvert 2: 9.3 m, outlet drop: 11.0 cm
culvert 3: 9.7 m, outlet drop: 0.0 cm

Figure 2. Cross-sectional and plan view of corecbetx culverts 1, 2, and 3.
The three culverts have the same dimensions howeweert 1 has no baffles.
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Plan view of culvert 4

) 9.1m J
) 1
21m
flow ——>
outlet drop: 43.0 cm
Plan view of culvert 5
3.5m | 7.1m
I
1.8 flow ——> 21nm

outlet drop: 45.0 cm

Figure 3. Plan view of circular steel pipe culgettand 5.

Fish Trapping and Tagging

Fluvial-adfluvial YCT and RBT migrating upstreamtai the Yellowstone River
were captured using a weir and trap located 12pstreiam of the confluence of
Mulherin Creek and the Yellowstone River (Figure Ejsh were anesthetized with
tricaine methanesulfonate (MS-222), and speci¢al, length and sex (when apparent
from appearance or expression of eggs or milt) wererded. A half duplex (HDX) PIT
tag was inserted into the abdominal cavity betwberpyloric caeca and the pelvic girdle

(Columbia Basin Fish and Wildlife Authority 19993ing a syringe style injector. HDX
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PIT tags used in the study were 23 mm x 3.85 mniglveel 0.6 g, and operated at a
frequency of 132.2 kHz. Following recovery fromeathesia, fish were released into a
backwater pool upstream of the weir. In both 2808 2006, trapping operations began
in mid April and continued through late July. Hoxee in 2006 trapping was not
possible from 12 May to 18 June due to high flowdl.trapped fish were tagged.
Individuals that were sampled in 2006 were scarioeBIT tags from the previous year
prior to tagging. If a PIT tag from 2005 was foutaty code and fish total length were
recorded.

Because of the small number of individuals trapged tagged in 2005, fish
immediately below culverts 4 and 5 were collectad@ April 2006 and displaced
downstream directly below culvert 1 with the asstiorpthat they would have sufficient
motivation to return to their home location passaggin through culverts 1 through 3
(Belford and Gould 1989; Halvorsen and Stabell 399Qvelve fish were sampled from
the junction of Mulherin Creek and Cinnabar Cresdcpeding upstream to culvert four
and culvert five (Figure 1) using a Smith-Root Mbtg-D generator powered backpack
electrofishing unit and a two person crew on 27il8H06. Fish were anesthetized with
tricaine methanesulfonate (MS-222) and specieal kngth (mm) and sex were
recorded and a PIT tag was inserted. Fish weretthesferred downstream in livewells,
allowed to recover and released in the plunge pelaw culvert 1, a total displacement

distance of 1840 m.
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Antenna Placement and Design

In 2005, PIT tag detecting antennas were instaltethe upstream and
downstream ends of each of the five culverts onhdiah Creek. This design allowed us
to determine (1) passage success or failure; ntimber of passage attempts made at
each culvert; and (3) the time required for passhgmigh each culvert. In 2006, an
additional antenna was installed below the plurm@ pf each culvert (Figure 4) in order
to better ascertain the (1) the travel time betwaédwverts; (2) the number of fish that
reached the plunge pool but did not attempt passagk(3) the amount of time fish are
delayed by each culvert. Additionally, the antelotated below the plunge pool of
culvert 1 allowed us to determine the number oféabindividuals that moved from the
weir trap to the first culvert. In 2006, a bridgeated between culvert 2 and culvert 3
was also equipped with a three antenna array ierdodact as a control of a road
crossing with natural slope and substrate. Howsiiex antenna array was destroyed by
high flows on 19 May 2006 as was Antenna 3 on gule A substitute control reach
consisting of a long glide simulating shallow, mately fast water, was added to the
antenna monitoring array on 29 June 2006 (FigureAbtenna arrays were operational
throughout the period when YCT were migrating apalvening except for periods in
2006 when high water destroyed antennas and pextigpair. Table 1 summarizes the

operational periods for each study culvert andrcbméach.
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Flow

Antenna 3

Antenna 2

Antenna l

Figure 4. Typical antenna array configuration.

Table 1. Dates of culvert and control antennayampeeration.
2005 2006
April 9 to May 25
Culvertl May 10 to September 17  June 27 to September 30
Culvert 2  May 10 to September 17  April 8 to September 30%
Culvert 3  May 19 to September 17  April 15 to September 30
April 16 to May 19
Culvert4 May 19 to September 17  June 28 to September 30
April 22 to May 19
Culvert5 May 19 to September 17  June 24 to September 30

Control June 29 to September 30
& Antenna 3 was washed out on May 19, 2006 and mepeired due to high flows.
The other two antennas on culvert 2 remained ojp@iat

Distances from antenna 1 to culvert outlet varredif4.1 to 29.9 m. Antenna 2
was placed at the downstream end of the bridgedaadtly on the downstream outlet on
culverts 1, 2, 4 and 5. Debris located near thkebaf culvert 3 prevented placement of

antenna 2 on the downstream outlet of the culherefore it was placed 1.9 m upstream
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into the culvert where a 15 cm deep seam betwagnmesats allowed burial of the
antenna wire. Similarly, the placement of anteBwaried because of debris and lack of
anchor points on the upstream inlet of culvertdb(@&). The natural control reach was
9.9 m long, with antenna 2 positioned 4.4 m upstredantenna 1 and antenna three 5.6

m above antenna 2.

Table 2. Antenna placement specifications for eadbert and the control reach.

Antenna 1 Antenna 2 Antenna 3
distance below distance from distance from
culvert outlet (m) culvert outlet (m)® culvert entrance (m)b

Culvert 1 29.9 0.0 2.1 downstream
Culvert 2 4.9 0.0 1.9 downstream
Bridge 4.1 0.0 0.0
Culvert 3 5.8 1.9 upstream 3.7 upstream
Control 4.4 0.0 0.0
Culvert 4 7.0 0.0 0.0
Culvert 5 12.3 0.0 1.9 upstream

& Antenna 2 on culvert 3 was placed in the culvedduse debris prevented placement
on the face of the culvert outlet.
b Antenna 3 was placed upstream, inside culvertsdl2sbecause of debris at the
culvert’'s entrance. Antenna 3 was placed upstrefaime inlet on culverts 3 and 5
because of debris at the culvert entrance anddiakchor sites within the culvert.
Antennas were constructed of 8-gauge multi-straxpper wire loops with the
lower portion of the loop either buried in the smate or fastened under the lower lip of
the culvert (Figure 5). The upper end of the culaatennas was either attached using
eye hooks or clamps to the culvert edges and stgapby string attached to the culvert

ceiling (Figure 5). The number of loops varieddgation, antennas located in the

control reach and below the plunge pools requirsimge loop while concrete box
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antennas required two loops and antennas locatéueasteel culverts required three
loops to maximize their detection range and acgur&talf duplex antennas are listed
as having a read accuracy of up to 90% within tadce of 60 cm of the antenna
(OregonRFID; Tranquilli 2005). This limited antensize to a maximum of 1.2 m high.
However, because of electrical interference antefowated on the steel pipe culverts

were a maximum of 0.75 m high (Figure 5).

Fiu e 5. Antenna construction design for culvertere the antenna could be mounted
directly on the downstream outlet of the culvdreft: outlet of culvert 1. Right: outlet of
culvert 4. Arrows indicate location of lower endamtenna loop.

Natural stream sections had the upper portion t&rara loops constructed by
running a steel cable across the stream and attadho a post on either bank (Figure 6).
The antenna wire was attached to the posts anehfadto the steel cable with plastic
fasteners. The lower portion of the antenna wias vun through flexible electrical

conduit that was attached to the posts and buni¢igei substrate. The conduit acted both

to protect the wire and hold the wire loops togetbenaximize detection accuracy.
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Antennas spanned the entire width of the channtiadish passing underneath at any

point in the channel could be detected.

Figure 6. Antenna construction design for the ratcontrol reach and for culverts
where the antenna could not be attached directthempstream end of the culvert or
within the culvert. Left: inlet of culvert 3. Rig inlet of culvert 5. The lower portion of

the antenna loop is encased in the plastic comditouried in the substrate.

Tag Detection Range and Accuracy

Half duplex antennas do not have inter-antennaference (OregonRFID).
However, electrical interference can still resudinh steel and other ferrous metals such
as steel, which was used in the construction n€ie box culverts (i.e. rebar) and steel
culverts. Therefore, in order to maximize detettiange and accuracy, proper tuning of
antennas is essential. Read range and accuraegdhrantenna was maximized by
adjusting the tuner modules using a tuning indicptovided by OregonRFID. The tuner
was used in the initial construction of all antesmn&ntennas were periodically tested to
determine if they were still tuned correctly. AR light indicated the antennas were

properly tuned. Whenever an antennas positionclvasged due to either high water or
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debris they were retuned. Each antenna was attabtextly to the tuner module and
twinax cable consisting of two separate insulateeéswvas used to attach the tuner
module to a central RFID multiplexer transceiv&he transceiver is capable of
monitoring up to four antennas (OregonRFID speaifans), but | limited use in my
study to three antennas per transceiver as theased cycling time of the detection field
through the use of a fourth antenna would incréasdikelihood of allowing fish to pass
undetected.

The detection range of each antenna was measudeddaonine the size of the
detection plane at each site in relation to culeberacteristics and antenna placement.
Horizontal detection distance was determined bwlisionoving a test tag attached to a
measuring staff upstream and downstream of ea@maatuntil the tag was detected by
the transceiver. Because the vertical detectingeavas well within the 60-cm detection
range for HDX tags, | only measured vertical detectange at culverts with outlet
drops. This was done in order to determine if palssing under a perched culvert would
be detected by the outlet antenna 2 (Figure 5)panldaps lead to overestimates of the
number of attempts of fish entering the outlet.

Tag detection was measured while moving the tedigohorizontally through the
center of the vertical antenna detection plane,iokimg that of a fish swimming
upstream through the detection field. Detectios wmaicated by an audio signal sent
from a speaker attached to the transceiver. Tpmeses were made with the probe
during each reading, and detection accuracy wasumee by recording the number of

‘hits’ during each test. Detection range and aacymwas measured weekly.
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Culvert Hydraulics

Water height, water temperature, and air tempezatere recorded with
TruTrack (model WT-HR 1000, Christchurch, New Zealgadata loggers installed at
three sites in the study area: the main stem ohkhinh Creek at culvert 1; in Mulherin
Creek above its junction with Cinnabar Creek (hgreddled Upper Mulherin); and in
Cinnabar Creek upstream of culvert 5. In 2005,sueaments were taken hourly from
13 May to 2 October. In 2006 measurements welntakery 15 minutes from 15 April
to 2 September. To convert stage height to digehar stream transect was established
directly downstream of each data logger and 10hdigye profiles were taken at each site
during various discharges in 2005. Discharge measents for each transect were taken
with a pygmy meter and an aquacalc 5000 handhefgpuater using USGS flow
measurement techniques (Rantz 1982). Data loggenesin the same locations in 2006.
Spot checks of flow rate were used in 2006 to yehét the stage/discharge relationships
were therefore assumed to be the same as in 2ZRdfe-discharge rating curves were
developed for each recorder using the model:
Q=a(y+h)"
Where:
Q = discharge (ffisec)
a,” andh = regression coefficients

y = stage height (cm)
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At various flows, the cross sectional flow ar8ayere measured. Then, the mean

culvert velocity was calculated using the relattaps/ =% where:

V = velocity

A = wetted area

Q = flow rate from the data loggers and rating carve

Flow areaA, were measured at culvert outlets in 2005. Foatfted culverts (1, 4, and
5), a single measurementAfvas taken from the center of the outlet. Becaveter
depth in baffled culverts was not uniform, two measents oA were taken on either
side of the outlet and averaged. V then regreseed so that velocity could be

calculated at any time from recorded water depths.

FishXing Comparison

Observed passage success through the unbaffledubeett (culvert 1) and the
unbaffled steel culvert (culvert 4) on Upper MuineCreek was compared to passage
success predicted by the FishXing culvert passaggehin order to determine the
model’s accuracy. If the FishXing model accurafalydicts passage, no successful
passage should be observed above the maximum padsatharge predicted, although
failed attempts could still be made. FishXing was used to examine culverts 2 and 3
because the model cannot effectively model thedydrs of baffled culverts (FishXing
1999). The model was not used to assess cuNmtduse FishXing cannot model
double barrel culverts (FishXing 1999). FishXingadel inputs included culvert length,

slope, roughness, outlet plunge pool depth, ahaater control cross section. Tailwater
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control refers to the plunge pool tailout that colst the depth of the plunge pool. These
data were obtained from a culvert survey condubtethe USFS in 2002.

Passage success using the model was determinalll darys during the upstream
migration period. This period was defined as teeqal from 24 hours prior to the first
fish trapped at the fish weir near the mouth of IMwin Creek to 24 hours after the last
recorded upstream movement. Because FishXingresjaifish length for the ‘test fish’
to determine which swimming velocity will be usedtihe model, the average fish length
of 343.0 mm was used. A minimum water depth inchigert is also needed by the
FishXing model, therefore a minimum culvert deptl® d cm for upstream passage was
used based on recommendations in the literaturadolt cutthroat trout (Fitch 1995).
Culvert roughness was estimated by adjusting roesghooefficients until the observed

culvert water depth was within 5 cm of that preelicby the model.

Tag Loss and Spawning Habitat Availability

Because the number of fish attempting to migrastream through culverts was a
much lower fraction than expected based on thé notaber tagged at the trap, |
examined the possibility that fish shed the PITdaglse spawned below culvert 1. To
assess tag loss, | scanned the 1,113 m-long redwledn the trap and the first culvert
with a portable PIT tag detector at the end ofstioely on 24 - 25 September 2006. The
detector consisted of a Biomark Destron FearingOBSE-ISO PIT tag reader base unit
and a 30.5-cm triangle antenna with 3 m pole aidslgstem. | walked upstream with

the detector scanning the wetted stream area &ssvahy potential spawning gravel
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within the active stream channel. To test for digb@ accuracy, | placed a single PIT tag
in the substrate at several different locationsnduthe survey. Of the 10 tags tested, all
were detected within approximately 0.5 m of the tag.

To assess if fish were spawning below culvert 1tarakssess availability of
spawning habitat above culverts 4 and 5, | measspadning substrate availability
within the study area. The study area was dividamsix reaches: weir to culvert 1,
culvert 1 to culvert 2; culvert 2 to culvert 3; analvert 3 to Cinnabar Creek. Upper
Mulherin Creek above the junction of Cinnabar Crae# culvert 4 had a single 1.5 km
reach surveyed due to the presence of a cascaddallanigration barrier (De Rito
2004). Cinnabar Creek above culvert five exten8skf and was divided into thirteen
0.5 km reaches and | randomly selected two readpessenting 15% of the total
available habitat.

Based on examination of redds in Mulherin Creadydse substrate sizes ranging
from 12 to 50 mm as the size range used to adsessriount of spawning habitat. As in
Magee et al. (1996), only areas of gravel at |82% nf were included in estimating the
amount of available spawning habitat measuredh Ezach was measured with a hip
chain to determine reach length. The areal dinoessof patches of spawning-sized
gravel at least 0.25 Tiocated in areas suitable for spawning (pool tagpbelow
boulders and on the stream edge) were measureawittter stick while walking
upstream. Because surveys were conducted dumwnfide conditions, areas suitable

for spawning that were dry but were within the Hatlkvidth were included in
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measurements. Amounts of available spawning habéee expressed as total area per

reach and area per linear stream distance.

Data Analysis

Trapping and Tagging

Mann-Whiney U-tests were used to examine differsnmecanean trapping date,
discharge at the time of trapping, and water teatpeg between study years 2005 and
2006. Nonparametric U-tests were used becausefoeestormality using a Shapiro-Wilk
test for 2005 datd\(< 50) and a Kolmogorov-Smirnov test for 2006 date 50)
indicated the data were not normally distributéeh alpha level of 0.05 was used to test

for significance for all statistical tests.

Detection Range and Read Accuracy

Mean detection accuracy and detection range ant@ngulverts and the natural
control was compared using one-way ANOVA. Post-tmmparisons of means were

analyzed with Fisher’s least significant differeft&D) tests.

Fish passage

Because of the potentially large number of taga&tes associated with HDX
PIT tag equipment (3 scans per second per antethaia)filtering was necessary to
eliminate redundant detections when fish remainabsiary over an antenna for long
periods. Inthese cases, | only retained detextiecorded at 30 second intervals when

assessing passage attempts. .In addition, theeesgeeral instances where individual
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fish made multiple upstream and downstream paksesgh an individual culvert. In
those cases, | used only the first successful gassas used for analysis.

Daily time of attempts for both 2005 and 2006 wamted against the mean time
of sunrise and sunset for June and July 2006 imgston, MT in order to determine if
movement occurred at a particular time of day.edts were also plotted against the
temperature at the time of the attempt in ordexrsiertain patterns of when movement
occurred.

Movement data from 2005 and 2006 were combinedvianth-Whitney U-tests
were used for pairwise comparisons to test foriBggmt differences in biotic factors
(species, sex, fish length and number of attengstd)abiotic factors (temperature,
velocity, drop height and culvert length) betweedividuals that passed or failed to pass
through culverts. Factors that were found to geiicant were used in a stepwise
logistic regression to determine the best modepfedicting the probability of successful
passage. Differences in passage time among csil@ed the control reach were assessed
using a Kruskal-Wallis test non-parametric analgdigariance and Mann-Whitney U-

tests for paired comparisons.

Culvert Hydraulics

In order to determine the influence of culverteygn velocity, velocities in
culvert 1 (unbaffled box), culvert 2 (baffled bogylvert 3 (baffled box with 10% natural
substrate) and the control (natural substrate) eraeined with a Kruskal-Wallis test.
A Kruskal-Wallis test was used to test for sigrafit differences among the treatments

because a Kolmogorov-Smirnov test indicated tha detre not normally distributed.
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Mann-Whitney U-tests were used for pair-wise congoas to determine which

treatments have significant differences in velesiti

FishXing Comparison

Upper and lower passage thresholds for each cub@mtified in FishXing were
compared to passage attempts and successful pdssesed in the field. The range of
flows within this passage window bounded by theargmd lower passage thresholds
were compared to the range of flows that were fidasa the field as a percentage of
time passable under predicted and observed conslitiddditionally, discharge at each
culvert during the spawning run was converted ugiocity values with the use of
equations derived from the culvert's stage-dischaadging curve. The velocity values
predicted as barriers to upstream passage in geXkig model were then plotted on the
generated velocity profile and compared to the nlesenumber of passage attempts and

successes.



25

RESULTS

Trapping and Tagging

In 2005, trapping of fluvial-adfluvial YCT and RBffom 23 April to 30 August
resulted in the capture and PIT tagging of 28 YWD, RBT and four hybrids. In 20086,
90 YCT, 5 RBT, and two hybrids were trapped and tafjged from 18 June thru 13 July
(Figure 7). Additionally in 2006, two YCT, seveBR and three hybrids were
electroshocked below culverts 4 and 5 and taggddelaased below culvert 1.
Relatively few RBT and hybrids were captured inhbggars because high flows and ice
prevented effective trapping in March and April whegstream migration of rainbow
trout primarily occurs (De Rito 2004; M. Blank, MSbepartment of Civil Engineering,
unpublished data).

Upstream migration of YCT occurred during a relelyvshort period of time
during late June to early July as flows stabilimdtbwing peak discharge in mid June
and as temperatures rose t6Q2Figure 7). Mean trapping date was significatdter
in 2005 (July 5) than in 2006 (23 June) (U = 0R3® 0.001) and occurred at a
significantly lower discharge in 2005 (1.43sec) than in 2006 (1.57%sec) (U = 552.0,
P <0.001). However, mean water temperature dwpgjream migration was similar

between years (2005: 13.3°C; 2006: 13.1°C) (U 41BP = 0.25).
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Tag Detection Range and Accuracy

Detection range varied by the antenna attachmefacgu(natural substrate,
concrete box culvert, or steel pipe culvert). hlgural control reach had a mean
detection distance of 28.2 cm both upstream anchdtveam of the antenna. Concrete
box culverts and steel pipe culverts had signifigaiower detection ranges of 18.8 and
6.0 cm, respectively (Table 3). Mean detectiorgeavaried significantly among all three
attachment surfaces (ANOVA: F = 976.1, df #£% 0.001). Fisher’s least significant
difference (LSD) tests showed significant differemin detection range between all
possible pairwise comparisons of antenna locations.

Mean detection accuracy of test tags ranged frém @ 94.5% (Table 3) and
differed significantly among the natural reach #meltwo culvert types (ANOVA: F =
18.5, df = 3P < 0.001). Fisher's LSD tests showed significaffedences in detection
accuracy between all possible pairwise comparisbitise natural control and both box
and steel pipe culverts (Table 3). Antennas placéke natural control reach had the
highest detection accuracy at 94.7%, whereas thesibaccuracy (74.7%) occurred at
antennas attached to steel pipe culverts. Cubgxtculvert antennas had an intermediate
detection accuracy of 80.6%.

Table 3. Mean (£ 95% CI) PIT tag detection range percent detection accuracy by

antenna location. Underlined values are signifigatifferent (P < 0.05). Sample size
shown in parentheses.

Control Box culvert Steel culvert

Detection range, cm 8.2+0.3(75 18.8+0.6(167) 6.0+0.5(84)
Detection accuracy, % 945+29(75) 80.6+3.5(167) 74.7+5.1(84)
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Fish Passage

Of the 143 fish tagged at the trap or releasedvbeldvert 1 in 2005 and 2006, 36
(25%) were detected at culvert 1. These 36 indaiislresulted in a total of 6,763 tag
detections at the tag-detecting antennas. Omittintjiple detections at a single antenna,
missed detections, and multiple passes throughgestulvert, resulted in a total of 46
successful passes and eight failed attempts.

Fish were observed successfully passing througlubderts except culvert 5.
The percentage of fish that both attempted passagisuccessfully passed through each
culvert ranged from 0% for culvert 5 to 100% fotvaut 3. For all culverts, the number
of attempts varied from 1 to 11 with a mean of ¢hloefore successful passage (Table 4).
Although no individuals successfully passed throaghvert 5, two individuals were
recorded attempting passage with 24 and 2 attendpits.majority of attempts (88.6%)
occurred during daylight hours in the eight houtigetbetween 12:00 and 20:00 hours;
very few attempts were made at night (Figure &)e majority of attempts (70.0%)
occurred at water temperatures between 12 and (H§Gre 9).

Table 4. Summary of successful passage and faitechpts by culvert and through the
natural control reach. Successful passiige46, failed to pas$\l = 8.

Number of fish Attempts Attempts

attempting Time to pass, min Passed Failed passage
Culvert passage ona/:)s Mean Range Mean Range Mean Range
Culvert 1 30 90 0.6 (0.2-1.3) 5 (2-11) 3 a-4
Culvert 2 25 96 13.3  (4.1-46.0) 5 (1-10) 3 3
Culvert 3 22 100 3.8 (0.9-11.1) 2 a-4 - -
Culvert 4 9 77.8 21  (0.2-11.9) 3 (1-6) 3 (1-4)P
Culvert 5 2 0 - - - - 13 (2 -24)°
Control 2 100 222 (3.2-41.27 2 2 - -

@ Only two individuals were recorded passing throtighcontrol reach.
P Only two individuals were recorded failing to passverts 4 and 5.
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Passage success varied significantly with fish, suzger temperature, culvert
velocity, and outlet drop. Fish that successfpgsed through culverts were
significantly smaller than fish that attempted &sg but were unsuccessful (362.5 versus
320.2 mm) (U = 71.92 = 0.005) while the mean length of all fish tagges 343.0 mm.
The smallest individual that passed through anyertilvas 300.0 mm while individuals
as small as 230.0 mm were tagged and had the opytyrto attempt passage (Figure
10). Successful passage also occurred at sigmifychigher water temperatures than
unsuccessful passage (13.6 versus 12.3 °C) (U H,1@% 0.043). Passage success also
occurred at significantly lower culvert velocitiggan unsuccessful attempts (1.6 versus
2.5 m/sec) (U =33.(R <0.001). The highest velocity for successfulspge was 2.71
m/sec, but | observed passage attempts at velasidigh as 2.97 m/sec. Passage
success also occurred at significantly smalleredubfops than unsuccessful attempts
(11.9 versus 35.0 cm) (U =62B = 0.002). Other factors examined (culvert slope,
culvert length, number of attempts, sex, and spgsieowed no significant relationship

with passage success (Figures 11 and 12).
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Of the four factors found to be significant in giagle factor analysis (fish length,
water temperature, outlet drop, and velocity),dhly regression model to predict the
probability of passage that was significant wasgle factor model containing velocity
(Figure 13) represented by the equation:
10

P= (v—z.aossj
1+ e\ —0.2569

p =Probability of successful passage

v = Velocity (m/sec)
This model correctly predicted passage success#aith 88.9% of the cases. The model
correctly predicted successful passage in 97.8&asds but failed passage was correctly

predicted in only 37.5% of cases.
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Figure 13. Logistic regression model of the prolitgof YCT passage in relation to
culvert velocity. Data points indicate show obgerpassage success (1.0) and failure

(0).
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Time of Passage

The mean time of passage through culverts andahieat ranged from 0.2 to
41.2 min and time required for passage variedifsigntly among culvert types
(Kruskal-Wallis: H = 17.97, df = 2 < 0.001). A single record of 17.3 hours requit@d
pass through culvert 1 (unbaffled box) was an ex¢reutlier that was eliminated from
the analysis.

Average passage time varied by culvert and thercbfitable 5). Passage time
through the baffled box culverts was 9.5 times slothan passage time through
unbaffled box culvert (5.7 versus 0.6 min) (U =,22@ 0.001) and baffled box culverts
had seven times the variation in passage timesagagime through the baffled box
culverts was also significantly slower (2.7 tim#sgn through the unbaffled steel culvert
(2.1 min) (U = 23.00P = 0.003). Passage times were not significanffeint between
the unbaffled box and unbaffled steel culverts (I4=5,P = 0.626) although the
unbaffled steel culvert had eight times the vasiain passage time. However, the mean
time of passage through the control (22.2 minutess 37 times slower than through the
unbaffled box culvert (W = 15.® = 0.053). Passage time was not significantlyedét
between the control and either baffled box culv@dts 15.0,P = 0.39) or the unbaffled
steel culvert (U = 1.(R = 0.079). Although passage time through the cbmémged
from 3.9 to 37 times slower than through any othdvert, statistical tests showed no
significant differences in passage time. This astiikely due to lack of power due to

the small sample size (N = 2) which can lead t@tyrror.
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Table 5. Mean = 95% CI passage time through utdzhfox, baffled box, and unbaffled
steel culverts. Sample size shown in parentheses.

Time to pass, min

Culvert type Mean
Unbaffled box 0.6 +0.5(5)
Baffled box 5.7 +£3.8 (24)
Unbaffled steel 2.1+4.0(7)
Control 22.2 +241.2 (2)

Culvert Hydraulics

Hydraulic conditions varied among the unbaffled loakvert, the baffled box
culvert, and the baffled box culvert with 10% natwsubstrate as well as between these
culverts and the natural control reach in Lower ihvwin Creek. Although discharge was
similar within this reach (no inflowing tributarigsulvert velocities varied significantly
during the spawning period in 2006 (24 hours pieathe trapping of the first individual
to 24 hours after the last recorded upstream RjTé&dection, 22 April to 14 August)
(Kruskal-Wallis: H = 5693.2, df = 3 < 0.001). Data from 2005 were not used in this
comparison because of the lack of a control. ®&e comparisons using Mann-
Whitney U-tests tests showed that velocities wageificantly different between all
culverts and between each culvert and the corferel @.001).

The unbaffled box culvert had the highest meanarsi@f 2.5 m/sec which was
2.3 times greater than the control reach whichthadowest mean velocity of 1.1 m/sec.
Velocity in the unbaffled box culvert was 1.5 tinfaster than in the baffled culvert
which had a mean velocity of 1.7 m/sec and 2.1gifaster than the culvert that

contained baffles and 10% natural substrate whachahmean velocity of 1.2 m/sec
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(Table 6, Figure 14). Although the model that eomed velocity alone was the best
predictor of passage in the regression analysesetappeared to be no direct linear
relationship between velocity and time of passagemexamining the three culverts on
Lower Mulherin combined (Figure 15).
Table 6. Mean velocities £ 95% CI of different\ert types from 24 hours prior to the

first trapping of a fluvial-adfluvial individual t@4 hours past the last recorded upstream
movement. Underline indicates significant diffezes at an alpha of 0.05.

Culvert 1 Culvert 2 Culvert 3 Control
Unbaffled box Baffled box Baffled box + 10% natural Natural

Mean Velocity (m/sec) 2.5+0.02 1.7 +0.02 1.2 +0.02 1.1 +0.01
2006
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Figure 14. Velocity profiles of box culverts widimd without baffles and the natural
control reach over from 20 May 2006 through 14 Ast2006.
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FishXing Comparison

The results of the FishXing model indicate thatuhbaffled box culvert poses a
passage barrier at some flows while the steel githeerts are barriers under all flow
conditions. FishXing predicted a passage windawte unbaffled box culvert from 0.7
to 1.5 mi/sec resulting in 20.8% of the range of dischatmErg passable (Figure 16).
At discharges greater than 1.5/sec the unbaffled box culvert posed a velocityibar

while at discharges greater than 2.3sec it also posed a leap barrier. FishXing
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indicated that the steel pipe culvert on Upper Mulh Creek posed a velocity, leap, and
pool depth barrier at all discharges and no passagepossible.

Field results showed that successful passagesairtbaffled box culvert only
occurred within the passage window indicated byRiseXing model (Figure 16). Of all
attempts, 28.1% occurred at discharges greaterltisam/sec. The maximum discharge
when passage was attempted was F/8en. Field results showed that the steel pipe
culvert on Upper Mulherin Creek was passable whidgdXing indicated no passage was
possible under any flow conditions. Fish were rded successfully passing through the
Upper Mulherin Creek steel pipe culvert at disclearfyom 0.6 to 1.7 ffsec (Figure 16).

When the passable discharge windows indicated $tyX#ing were converted into
velocities, a passage window from 1.9 to 2.3 mygas indicated for the unbaffled box
culvert while the steel pipe culvert was considerede a barrier at all velocities. Field
observations showed that fish successfully passedgh the unbaffled box culvert at
velocities from 2.1 to 2.3 m/sec which was withie tange indicated by the converted
FishXing results (Figure 17). Fish were observasisphng through the steel pipe culvert
on Upper Mulherin Creek at velocities from 2.2 t@ &/sec although FishXing

characterized it as impassable under all velocfiegure 17).
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Tag Loss and Spawning Habitat Availability

| found no shed tags while surveying the streamftioe trap to culvert 1 despite
detection accuracy of the PIT tag detector of 1@@#in 31.0 cm of test tagiN(= 10).
This suggests that the large numbers (75%) of thfigk that were not detected at
culvert 1 did not ascend the creek. This samehraiso contained the most spawning
gravel with 12.0 rffkm and a total amount of 124.68 (Table 7). Cinnabar Creek
above culvert 5 through which we observed no sisfokpassage had the second highest

concentration of spawning gravel with 104.78km and a total of 680.54 n(Table 7).

Table 7. Amount of spawning gravel available m@ach.

Spawning gravel density

Reach Surveyed Length (km) total (mz) (mzlkm)
1-Trap to culvert 1 1.1 124.7 113.4
2-culvert 1 to culvert 2 0.3 49 15.8
3-culvert 2 to culvert 3 0.7 175 25.4
4-culvert 3 to Cinnabar Cr. 0.8 38 45.8
Upper Mulherin (above culvert 4) 1.6 136.4 85.3

Cinnabar Cr. (above culvert 5) 6.5 680.5 104.7
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DISCUSSION

Previous culvert fish passage evaluations haweasiiy relied upon application
of laboratory-derived fish swimming and jumping abjities to designate a culvert as
passable or impassable to upstream passage.slsttialy, | applied new HDX PIT tag
technology to provide real-time monitoring of fisassage through culverts in order to
directly assess the probability of success or faibf passage over a range of biotic and
abiotic conditions including fish size, culvert gmnd the presence or absence of baffles.
| then compared observations of passage succesa oarge of hydraulic conditions
with passage status predicted by the FishXing madeidely used tool to evaluate fish

passage status of road culverts.

Upstream Migration of Rainbow Trout and Yellowstdgtthroat Trout

| captured unexpectedly low numbers or RBT and YdGmpared to preliminary
work in 2004 when 23 RBT, 339 YCT and 21 hybridseveapped (M. Blank, MSU
Department of Civil Engineering, unpublished datibelieve this is primarily due to
high runoff which precluded trapping and taggindR&T shortly after the ice melted and
to fish spawning below the weir trap where altenader flows exposed suitable
spawning gravel. In both years of my study fishevebserved spawning below the weir
trap throughout the spawning season.

Results indicated that spawning migration timindlavial-adfluvial YCT may be
influenced more by temperature than by dischaRBmgth discharge and mean date of
trapping of YCT varied significantly by yeal.he mean trapping date of YCT in 2005

was 5 July while in 2006 it was 23 June which waslar to De Rito (2004) who found
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that the mean start date of the YCT spawning mimgmah the Yellowstone River was 10
June and M. Blank (unpublished data) who observe@an trapping date of 22 June for
YCT. Mean water temperature at the time of tragpuas similar for both years. During
both 2005 and 2006, individuals were observed nupstream out of the Yellowstone
River and staging downstream of the weir trap wihentemperature first reached 12°C.
At temperatures below 12°C no fish were visibleolethe weir and were assumed to
have returned to the Yellowstone River as a temperaefuge because no suitable

staging habitat was available between the traplaadiver.

Application of PIT Tag Technology

Tag detection range and accuracy of the PIT tagctiag antennas varied greatly
depending on the antenna attachment surface. \tdsilimg for detection range and
accuracy, | observed both reduced detection rand@ecuracy due to increased signal
interference as the amount of ferrous metal locetele vicinity of antennas increased.
At sites with little or no metal nearby (naturahtwl| reach, cross section below plunge
pools), tags were detectable an average of 28.2pgtnieam and downstream of an
antenna and had a high detection accuracy (94.5%hen antennas were attached
directly to steel culverts (culverts 4 and 5), deta range decreased to only 6.0 cm and
detection accuracy similarly decreased to 74.7%umhd no other studies in the literature
that had reported detection ranges for PIT tagnawate However, reported detection
accuracies for HDX PIT tag antennas are highlyallde and have ranged from 62 — 93%
(Tranquilli 2005) when measured in natural streaathes. Antennas that were attached

to box culverts and steel pipe culverts in my sthdg detection accuracies within the 62
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— 93% range while antennas in the control andenctioss sections below plunge pools
had detection accuracies higher than either oketseglies. This may be the result of the
method used for measuring detection accuracy. ofith Tranquilli (2005) does not
state how detection accuracy was measured, Adaals(2006) used tagged fish to
measure accuracy. My method of measuring deteationracy was to pass a ‘test tag’
through the antenna. This may have overestimatddtual accuracy because the tag
always entered the detection field perpendiculdhédfield, which maximizes the
likelihood of detection (Zydlewski et al. 2001).

Although detection range and accuracy was relatikigh, any detection
accuracy less than 100% means that, on occasfh, may pass through a culvert
without detection resulting in underestimation agpage success. However, if the fish is
detected upstream at another antenna, passage easlmed. | documented 39
occasions where successful passage was not recattedgh the fish passed through
the culvert. Thirty-seven of these missed detestwere due to the antennas at the
upstream end of the culverts 1 and 2 being dedrbyeadebris during high flows. In
order to reduce the possibility of antennas beegjrdyed, antennas may be laid
horizontally on the bottom of the culvert (Hill&t 2006). Antennas below the plunge
pools were also damaged when high flows moved leosildnchoring them in the
substrate. Improved detection accuracy could besaed by anchoring antennas to the
stream bed by burying PVC pipe deeper into thetsaties or using rebar anchors sunken
into the substrate to hold the antenna in place.

Antenna design varied by location in order to mazerdetection range and

accuracy. The number of wire loops used to constrmtennas varied by antenna
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location in order to obtain an inductance levet thailitated efficient tuning. In the
natural control reach a single loop of 8-gauge nRuitand wire was sufficient to obtain a
detection accuracy of 94.5%. Similarly, Adamsle{2006) utilized 6-gauge wire with a
single loop for an antenna with a width of 8.0 nd arheight of 0.5 m resulting in a
detection accuracy of 67%. Box culverts with steeiforcement required two loops of
antenna wire to obtain a detection accuracy of®0ahile three loops were needed on
the steel culverts to achieve a detection accur&@y.4%. While the natural control
antennas, antennas below plunge pools, and borrt@mtennas had a maximum height
of 1.2 m, the height of antennas attached to gipel culverts also had to be smaller with
a maximum height of 0.75 m due to increased intenfee caused by ferrous metal.

Detection accuracy can also be reduced by inheteracteristics of HDX PIT
tag technology. If a tag enters the detectiorfielan orientation other than
perpendicular to the antenna plane, the tag mapedetected. However, situating
antennas where fish are most likely to pass thrabhgim perpendicular to their plane will
maximize the likelihood of tag detection. | aldzserved that if multiple tags were in the
detection field simultaneously, one or both tagsraot read. These limitations were also
observed by Zydlewski et al. (2001). However, lsearelatively few fish migrated up
Mulherin Creek, the likelihood of multiple fish gasg through the same antenna
simultaneously was low.

Other factors that had the potential to reducedtiet®e accuracy are the loss of
battery power and corrosion. This study used glsih2 volt deep cycle marine battery
to power each of the six PIT tag transceivers whitiuired replacement every five days.

During the 2006 field season, these batteries b&glmg in their ability to maintain a
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charge and had to be recharged more frequentlya r&sult of this phenomenon,
batteries should be replaced every field seasdso, Aear the end of the study in 2006,
data loggers began to shutdown. | believe thispresarily due to corrosion on

electrical connections between the transceivertla@diata logger caused by humidity in
the data logger container and the loss of battepacity. New transceiver models by
OregonRFID have an internal data logger which lik#ély eliminate possible corrosion
issues. Because these problems with batteriedaadoggers began late in the season, |
believe that no upstream culvert passes were middediever, some fish descending the
creek to return to the Yellowstone River in 200Geweot detected. In 2005, 44.4% of

individuals were recorded descending the creekenhiR006, | recorded only 22.2%.

Fish Passage

Passage was significantly more successful at higimeperatures, lower outlet
drop heights, smaller fish lengths, and lower wagocities. Successful passage
occurred over a larger range of temperatures thiturds. Successful passage occurred
at temperatures from 5.2 to 18.3°C while failedrafits occurred from 10.8 to 13.6°C.
However, only 21.7% of successful passes occutreghgeratures below 12°C. Higher
temperatures decrease water viscosity and allomtwe efficient muscle movement by
exerting more force per contraction (Moyle and C2884). Webb (1978) also noted
that trout benefit from warmer temperatures witlieir scope for activity by increased
acceleration rates and hence burst swimming capabvhich, in turn, likely translates

into increased leaping ability for navigating culveutlet drops.
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The inverse relationship between fish size andgugssuccess was unexpected.
While the mean length of fish that were trapped taigged was 341.5 mm, the mean
length of individuals that successfully passed etttywas 320 mm and 363 mm for those
that failed. This may have been the result of Enaidividuals having the ability to use
lower velocity zones along the sides or near thtohoof culverts that are not available
to larger individuals as suggested by Belford andl® (1989) or perhaps that smaller
fish are typically capable of faster tail beat fregcies which can increase burst
swimming velocities (Wardle 1975). However, thganiéy of studies have found a
positive relationship between fish length and swingrability for a variety of species:
flannelmouth sucke€atostomus latipinnis (Ward et al. 2002), smallmouth bass
Micropterus dolomieu (Peake 2004), and anadromous salmo®iator hynchus spp.
(Reiser et al. 2006). Other studies have founcetationship between body length and
swimming ability: spotted galaxid@3alaxias truttaceus (Macdonald and Davies 2007),
rainbow trout, brown troufalmo trutta, and Yellowstone cutthroat trout (Belford and
Gould 1989) who tested fish of similar size to ttisdy. | observed no fish less than 300
mm attempting passage, however, only 9 individless than 300 mm were tagged.
Failure to detect these fish attempting passagewess likely a result of them spawning
below culvert 1. It must be noted that the smafthber of fish that failed to successfully
pass culvertsN = 8) may not be representative of the portiorhefpiopulation that failed
to pass culverts and may have skewed results.

Fish were able to successfully pass through allestd except the unbaffled steel
culvert on Cinnabar Creek (culvert 5) which hadhighest velocities and the largest

outlet drop as well as the shallowest plunge pdtius, Cinnabar Creek upstream of this
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culvert which had the highest spawning gravel dgrasnong sampled reaches (680.5
m?), appears inaccessible to spawning migrant YCTRB@ from the Yellowstone
River. |recorded 26 unsuccessful passage attemhiss culvert as well as visually
observed fish that were attempting passage but weable to leap against the force of
the culvert outflow with enough force to be detddvg the antenna located on the
downstream end of the culvert. | observed thispheenon in 2005 which resulted in
the installation of an additional antenna belowghange pool of each culvert.

Culvert passage rates and times of YCT in bafl@verts closely paralleled
that observed in a natural stream reach. Simédaabior of fish in baffled culverts and
natural stream reaches was also evidenced by thaivfish making repeated upstream
and downstream passes through both, behavior setwedd in other culvert types. The
similarity in passage rates, fish behavior, andraylic conditions supports recently
adopted guidelines for new culvert installationd agtrofits which require culverts to
simulate natural channel geometry (Katopodis 1822es 2003; Lang et al. 2004; Karle
2005).

Detections of unsuccessful attempts at the cubugtiets may have
underestimated the true number of fish that weneadly attempting passage. Successful
passage through culverts and other fishways depmntso factors, behavioral
(motivation) and physiological ability (i.e. leagimbility) (Lang et al. 2004). Individuals
that were detected at the antennas below the plpogleof each culvert could be
assumed to be showing motivation to continue tinggtream migration because the
antennas were generally in close proximity the edloutlet. However, some of those

individuals may not have had the physical abilityeap far enough to be detected
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attempting passage although the motivation wagth&he unbaffled box culvert
(culvert 1) and both unbaffled steel pipe culvéetdverts 4 and 5) which had both high
velocities and outlet drops, had 60.0%, 28.6% dnd% respectively of fish that were
detected entering the plunge pools not detectedhating passage. Alternately, the
baffled box culverts (culverts 2 and 3) which hagiér velocity and outlet drops had
only 20.0% and 0.0% respectively of approachinky fistected below their plunge pools
and not at the culvert outlet. If attempted passags defined as a fish approaching the
culvert, the percentage of individuals that faileghass would be higher. This
demonstrates a benefit of utilizing PIT tag teclogglito examine fish passage.
Traditional mark-recapture studies simply show \wbebr not passage was successful.
They cannot be used to show motivation of individuhat failed to pass but may have
attempted passage.

By changing the definition of an attempt to anyfikat approaches the culvert is
attempting passage, the true “passability” of cub/enay better ascertained. By defining
an attempt as fish being detected leaping pastulvert’s outlet, the “passability” of
culverts may be exaggerated. This is becauseithdils that are predisposed to have
greater leaping and swimming abilities are morelliko be detected attempting passage.
Those individuals also have a higher probabilitpa$sing successfully. Individuals that
lack the leaping and swimming ability to reach ¢hérert outlet and are not recorded can
also result in an underestimation of failed attesnpthis phenomenon may be
exaggerated at culverts with large outlet dropgh welocities, or culverts with low
detection range due to electrical interferenceortter to account for lack of leaping and

swimming ability, antennas may be better placed ediately below the culvert’s outlet.
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The amount of spawning gravel may also have sofheeimce on passage
motivation. The reach from the weir trap to cutviehad 124.7 fof the most accessible
spawning gravel and 75% of tagged fish are assumbdve spawned there because they
were not detected at culvert 1 and no shed tags detected from the weir to culvert 1.
This is in agreement with De Rito (2004) who obsdr5% of radiotagged fish
spawning below culvert 1. Relatively little gravefound between culvert 1 and culvert
3 and 80.8% of individuals passed through thesehe=a There are large amounts of
spawning gravels above culverts 4 (1363, mnd 26.9% of individuals passed through
culvert 4 which is greater than the 12.5% foundieyRito (2004). The steel pipe culvert
(culvert 5) which has 680.5%0f spawning gravel above it had no successfulggss
and similar results were observed by De Rito (20@Hcause there is no passage
through culvert 5, the individuals that were obserattempting passage may be the
result of individuals from a resident populatioroaé the culvert attempting to return
after being washed downstream.

The addition of baffles in concrete box culverdshogreatly reduced water
velocity and influenced passage time and rates@afessful passage. In lower Mulherin
Creek where discharges were similar through cuvethrough 3 and the natural control
reach, the unbaffled box culvert (culvert 1) hachaarage water velocity 47% greater
than the baffled box culvert (culvert 2). Wateloagties in culvert 1 were 108% greater
than culvert 3 which has baffles and 10% naturbssate. This is in agreement with
other studies which found water velocities decréagaile water depth, turbulence, and
flow obstruction increased with the addition offled (Slawski and Ehlinger 1998; Lang

et al. 2004). Macdonald and Davies (2007) fourad tish tend to rest directly behind,
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above, or adjacent to baffles which supports mylte®sf fish taking a longer amount of
time to pass through baffled culverts. Gore (198d4nd that the effective placement of
baffles can create hydrological conditions simitanatural stream channels, this may
help explain why fish took up to 9.5 times moredito pass through the baffled culverts
than the unbaffled box culvert. Because veloctikslow and baffles act as velocity
refuges, similar to boulders in a natural streasm fnay not see these culverts as
obstacles. This is supported by the observatighret individuals passing through the
baffled box culvert a total of eight times. Mulggpasses were not observed at any other
culvert, although one fish passed through the obetght times, further supporting the
idea that baffles simulate natural stream reaches.

The type of swimming behavior (i.e., sustained]qged, or burst swimming)
utilized to pass through culverts may differ depegan conditions within the culvert.
Fish were observed successfully passing througreasl|with lengths from 9.1 to 11.4 m
at mean water velocities of up to 2.8 m/sec whecwithin the burst swimming speed
range for cutthroat trout (Bell 1991). Belford a@duld (1989) suggested fish swimming
distances greater than 10 m utilized prolonged swirg speeds rather than burst and
found that mean bottom velocities greater thami/$kc produced ‘strenuous passage
conditions’ for YCT. | observed fish passing atanevelocities greater than 1.8 m/sec
which is above the maximum prolonged swimming speedrted by Bell (1991). This
is most likely the result of velocity refuges cexhby baffles and natural substrate as
well as lower velocity zones created by non-unifélows in the culverts where fish may
use sustained swimming to maintain their positiolow velocity areas and use burst or

prolonged swimming to move between baffles. Teidemonstrated by a 380 mm YCT
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that remained stationary over antenna 2 in cull/éor 18.4 minutes at a mean velocity
of 2.24 m/sec. Because water entered the culvart angle, the opposite side of the
culvert had an area of low velocity where fish cbrdcover from burst swimming.
Belford and Gould (1989) observed YCT passing tghoa 45.0 m culvert at mean
bottom velocities up to 1.4 m/sec only after regtineas were added. Unbaffled box
culverts had passage times 9.5 faster than bastiecculverts and 2.7 times faster than
the unbaffled steel culverts. This also likelyhie result of the increased resting areas
created by baffles. The range of velocities obsgito be passable in this study may be
higher than other studies because of differencesia collection. Belford and Gould
(1989) compared mean bottom velocities to passdgehwwill be lower than my culvert
mean velocity measurements and Bell (1991) didstade how swimming speeds were
collected.

Although factors that were found to be signifidpkifferent between fish that
successfully passed and fish that failed to padaded fish length, water temperature,
velocity, and outlet drop, the model that was fotmbe the best predictor of the
probability of successful passage contained vel@dne. Other passage models have
been developed to assess swimming ability and gag&atopodis and Gervais 1991;
Castro-Santos 2004; Haro et al. 2004). Howevesdhmodels were created under
laboratory conditions with uniform flow. Applicat of these models to field conditions
is limited because culverts often have roughness@hts, baffles, or weirs that disrupt
flow (Haro et al. 2004). The effects of the othgnificant factors on passage may have

been masked by fish being able to utilize aredswfvelocity.
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FishXing Comparison

A shortcoming of current methods of fish passagessment such as FishXing is
that structures are typically rated as either besror non-barriers to movement. By
comparing successful passage and failed attenwds Bble to assess what factors most
strongly affected the probability of passage anthibthat the probability of passage is
primarily a function of water velocity. My logistmodel predicted a 90% probability of
passage at a velocity of 1.9 m/sec. In contrasifpBl and Gould (1989) observed no
passage of spawning YCT at velocities greater thdmm/sec. At this velocity, my
model predicted a 97.8% probability of passagepadnm, the differences could be a result
of different culvert lengths. In their study thdwart they examined was 45.0 m long
compared to an average of 9.7 m in my study. Te#hau of determining velocity may
also be responsible for these differences. Belémd Gould (1989) measured water
velocity 5 cm above the culvert bottom where thiwent’'s roughness can reduce
velocity. | calculated the mean water velocityhe culvert using culvert geometry and
water depth measured at the center of the outietrfbaffled culverts and averaging
depths taken on either side of the outlet for thildd culvert. Fish swimming through
culverts are most likely utilizing lower velocitpaes near the bottom and edges (Belford
and Gould 1989) which were not accounted for instoygly. In order for FishXing to
correctly simulate culvert water velocities, cadition with on-site field measurements is
needed (Karle 2005). Although FishXing correcdpresented unbaffled steel (culverts
4 and 5) without the need of calibration, when examg culvert 1, the percentage of
passable flows increased 6.9% in 2005 and 18.42006 because velocity was reduced

when using the calibrated model compared to thecatibrated model.
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Although the FishXing model is widely utilized,hias not been sufficiently field
tested (Karle 2005). The model classified the @fiidzhbox culvert (culvert 1) as a
velocity barrier at discharges greater than 136ec and a leap barrier at discharges
greater than 2.5 ffsec. This was confirmed with field data as | reed no successful
passage at discharges greater than #/gem It also correctly identified an unbaffled
steel culvert (culvert 5) as impassable underiatitthrge conditions because it posed a
depth, leap, and velocity barrier. The plunge peas also rated as too shallow for fish
to leap into the culvert under all discharges. wer, two fish were recorded reaching
the culvert outlet indicating that water velociather then plunge pool depth was
restricting passage. FishXing classified an uedféteel culvert (culvert 4) as
impassable at all discharges as it posed a leaplande pool barriers. Observations of
passage revealed that the culvert posed a veloartjer at discharges greater than 0.7
m/sec. However, seven individuals (77.8%) passedesstully at discharges from 0.6
to 1.7 nmi/sec. | believe this discrepancy is due to assiompmade in the model for
calculations regarding leaping ability such assh feaps out of the water at a 45° angle
and exactly where the plunge pool depth was medsW¥shXing assumes a fish jumps
from the location where the culverts outflow impattte outlet pool. This area below
culvert 4 was relatively shallow, however, a poomediately downstream of this area
had a maximum depth of 1.1 m. Fish may have bbknta swim at an angle out of the
pool and leap from further downstream than accalifdein the model. FishXing
cannot effectively model the hydraulics of baffledverts due to the complex hydraulic
conditions associated with baffles. Thereforedldaonot compare observed and

predicted passage success for these study cuh@irtslarly, the double barrel design of
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the steel pipe culvert on Cinnabar Creek was niat tadbe modeled with FishXing
because of complex hydraulics. The FishXing madelectly rated culverts as passable
or impassable for one of the two culverts examin€hlis gives the model an overall

prediction success of 50%.

Conclusions and Management Implications

The culverts on Mulherin Creek appear to be massable than initially thought.
Although the unbaffled concrete box culvert (cutvierhas relatively shallow water
levels during much of the year, during the spawrs@gsons of RBT and YCT there is
sufficient water for passage and velocities dopmetlude all passage. FishXing
predicted discharges less than 03sec create a depth barrier in culvert 1. However,
this discharge was reached on 24 September 2008Adgust 2006 well after the
upstream spawning migration had finished but maulten restricted passage of fall
spawners such as brown trout. An area of low vgledathin the culvert likely aids in
passage, serving as an apparent rest area ag@udiyathe long period of time some
individuals spent at that location. The baffleck lsalverts (culverts 2 and 3) were
expected to have little problem passing fish duthéolow velocity caused by baffles and
their small outlet drops. However, culvert 2, whitad a drop height of 11 cm, had a
12.5% lower passage success rate than culvert&wiaid no outlet drop. The 77.8%
successful passage rate of the smooth steel pipercan Upper Mulherin Creek
(culvert 4) was an unexpected finding. Fish wdreenved passing culvert 4 at velocities
greater than those that prevented passage thralggricl. This may be the result of

culvert 4 being 2.6 m shorter than culvert 1.
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My logistic model predicting the probability of gage indicated that fish
attempting passage of the studied culverts at itede@reater 2.6 m/sec have a 50%
probability of successful passage. Retrofittintyerts that have velocities greater than
2.6 m/sec during spawning migration could be aaatffe method of improving fish
passage. In this study, box culverts with bafflad water velocities up to 2.1 times
slower than the unbaffled box culvert. Howevee #ddition of baffles decreases
hydraulic capacity and may catch debris which neaglto culvert blockage and roadway
damage (Bates et al. 2003). Therefore baffles oméyybe a temporary solution to fish
passage while more permanent solutions are designed

By using the velocity value of 2.7 m/sec as thetlfior the passable velocity of
RBT and YCT, managers could use stage height rec®rd conjunction with field
measurements of velocity in order to determineqgusriwhen culverts along migration
routes are passable and make the appropriatefitétrgs or replace culverts that pose
barriers during migration periods. This may be enaseful than utilizing the FishXing
model alone given its low percentage of predicsancess in this study.

This study has proven the usefulness of HDX PITi¢agnology. By recording
fish approaching culverts as well as attempts acdesssful passage, much more
information on motivation and effort (i.e., numloérattempts) is gathered than through
traditional mark-recapture studies. However, improents to my techniques could
improve results of future studies. Although nodstegs were detected during surveys,
the potential for tags to be shed during spawrsmgjill possible. In order to minimize
the chance the potential for fish to shed tagsgtireal sinus is better tagging site

(Tranquilli et al. 2003).
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In order to better characterize the number of gitsrand the percentage of fish
that passed a culvert, the antenna located orutliert outlet should be moved to
directly below the culvert. This would aid in tdetection of fish that are attempting to
pass but do not have the swimming and leapingtabdireach the culvert outlet.
Alternatively, any fish that is detected by theesnma below the plunge pool could be
assumed to have the motivation to attempt passage.

| used mean water velocity determined at the ctilmatiet to estimate culvert
passage velocity. However, the relationship ofMesdocity to the velocities followed
by the fish in actual passage remains uncertaimse@ations of fish passage in culverts
have shown that fish follow low velocity zones nealvert bottoms and edges when
navigating through culverts (Kane et al. 2000). aM&elocities may be 1.4 times greater
than bottom and edge velocities (Belford and GA989). More accurate representation
of velocity conditions within culverts and pathsitlffish follow when passing upstream is
needed to more accurately predict velocity condgiand fish passage behavior under
various flows.

Yellowstone cutthroat trout in Mulherin Creek ammsidered to be at extreme
risk of hybridization (Frazer et al. 2000). Beaatisis study showed culvert 5 to be a
complete barrier to all tagged fish, the upstreaputation of YCT (if present) should be
examined for genetic purity before any effort isd@at culvert replacement. If the
resident population above culvert 5 is shown tgdmetically pure, efforts should be

taken to ensure maintenance of genetic integrityrbgpassage improvements are made.
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