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Over the last decade, the Oregon Department ofdrdhVildlife (ODFW)
has documented a precipitous decline in the Cro&keer redband trout
(Oncorhynchus mykiss) population, prompting this study to address pidéfactors
contributing to the decline. There are two mainlgéa this project: (1) identify
potential factors contributing to the reductiorttod redband trout population in the
Crooked River fishery and (2) provide managemectmemendations to all of the
agencies responsible for managing the Crooked Rinatmight effect a change in the
redband trout population trend.

This thesis had three objectives: (1) evaluatertbeement patterns of redband
trout and mountain whitefish in the Crooked Riveldw Bowman Dam, (2) monitor
total dissolved gas levels (TDG) in the CrookeddRiw evaluate the incidence of
supersaturated water and gas bubble disease ian@édimut and mountain whitefish
and (3) implement a more comprehensive populattimate survey to document
both redband trout and mountain whitefish popufatiensities.

Prior to this study, limited data existed on th&tribbution and movement
patterns of redband trout and mountain whitefisthnenCrooked River below Bowman
Dam. Based on the results from the 2-year telenstiyy, redband trout and

mountain whitefish population exhibit a residefe history strategy and stay in the



Wild and Scenic Section of the Crooked River beBawman Dam. Two potential
explanations for the observed population declineevpdausible: the decline was
actually a decline, or the fish moved to otherisast of the Crooked River
downstream of Bowman Dam. The telemetery study skavat redband trout and
mountain whitefish stay within this section of nivéhereby providing evidence
against the explanation that the observed populatszline was a result of movement
of fish to other sections of river.

The total dissolved gas study demonstrated thasgasation levels become
elevated enough to cause gas bubble disease Grolo&ed River below Bowman
Dam. The gas saturation in the Crooked River isvadgnt or higher than levels
shown to produce gas bubble disease (GBD) in fish®n flows exceed 600 cfs, the
total dissolved gas saturation exceeds the maxi@tagon Department of
Environmental Quality mandated level of 110% gasrséion in the Crooked River.
Flows in excess of 600cfs are common during spumgff events below Bowman
Dam. From 1989-2009, flows exceeded 600 cfs inftBe21 years and 1000 cfs in
10 of the 21 years. The past population effectsigti flows and supersaturated waters
on redband trout and mountain whitefish are diffibe quantify, but based on the
hydrograph and the saturation curve, the years \yhsrbubble disease might have
been present in fish can be predicted. Given tlemgtinear relationship between
TDG and stream average daily dischar§e=(0.93), discharge itself can be used as a
predictive tool for assessing TDG levels in therivBased on the flow data from the
USBOR gauging station and the gas saturation donthe wild and scenic section of
the Crooked River generated here, gas bubble diseas probably present in fish in
1993, 1996, 1997, 1998, 1999, and 2004.

The redband trout population density has variedictemably from year to
year, with a peak observed in 1994 and the lowaisit pbserved in 2006. A large
increase in the number of redband trout per km wedwetween 1993 and 1994,
indicating that the density of fish can increasessantially in one year. The decline
in redband trout density from 1994 to 2006 apptalse more gradual than the



increase in density observed from 1993 to 1994652006, the redband trout
population density appears to be increasing baseplalitative patterns.

One interesting finding was that in 2007, the maimtvhitefish density was
estimated to be 7 times greater than the redband population, in 2008 it was
estimated to be 4 times greater, but in 2009, tbentain whitefish density was only
marginally higher than the redband trout populatlarthe three years of this study,
there appears to be a shift in the relative aburelahredband trout and mountain
whitefish directly below Bowman Dam. The reductiorthe mountain whitefish
population density from 2007 to 2008 was not exgetiased on angler accounts of
the increase in mountain whitefish population diéesi

| recommend that ODFW continue to monitor the redb@out and mountain
whitefish populations in the Crooked River belowBoan Dam. Annual surveys
would allow for a better understanding of changethé population structure over
time. Ideally, enumerating the number of recruits.iyear would be a better way to
understand survival and population changes, breasitment may be a difficult to
quantify in the Crooked River perhaps a betterreibsampling age-1 fish would be
helpful addition to the annual sampling.

Management recommendations for flow releases fromrBan Dam include
pursuing dam modifications to fix the TDG problehne US Bureau of Reclamation
is currently researching dam modifications to redthe total dissolved gases below
Bowman Dam. Until a solution is implemented, TDGntoring during high flows
coupled with fish surveys would better our underdilag of how fish in the Crooked

River respond to high levels of total dissolvedegas
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POPULATION CHARACTERISTICS AND MOVEMENT PATTERNS
OF REDBAND TROUT AND MOUNTAIN WHITEFISH IN THE
CROOKED RIVER, OREGON

CHAPTER 1

GENERAL INTRODUCTION

Over the last decade, the Oregon Department ofdfdniVildlife (ODFW)
has documented a precipitous decline in the Cro&keer redband trout
(Oncorhynchus mykiss) population, prompting this study to address po&tiigictors
contributing to the decline. There are two mainlgéathis project: (1) identify
potential factors contributing to the reductiortlod redband trout population in the
Crooked River fishery and (2) provide managemectmemendations to all of the
agencies responsible for managing the Crooked Rinagmight effect a change in the
redband trout population trend.

Historically, the Crooked River supported anadrosmysummer steelhead
(Oncorhynchus mykiss), spring Chinook salmorOncorhynchus tshawytscha) and
resident redband trout (Nehlsen 1995). Anadromisisvwere extirpated from the
Crooked River and resident fish populations weagritented during the construction
of hydroelectric and irrigation dams, specificdlig Pelton-Round Butte dam
complex at Lake Billy Chinook and Arthur R. BowmBAam (Bowman Dam) at
Prineville Reservoir (Stuart et al. 2007). Begirmnin 1989, ODFW started conducting
extensive surveys throughout the Crooked RiverrBasd reported the greatest
abundance of redband trout in the 20 river kilomg@tam) stretch of river below
Bowman Dam (Stuart et al. 2007). Stuart et al. 2@0so reported that the majority
of the streams and mainstem Crooked River belowrBawDam are too warm to
support healthy redband trout populations. Asidenfthe ODFW surveys, very little

is known about redband trout in the Crooked RivasiB. Based on the existing data,



the Crooked River below Bowman Dam may be vitahtoperseverance of the
redband trout population in the Crooked River Basin

The Crooked River, located in central Oregon, esléngest tributary of the
Deschutes River, encompassing a watershed of aippaiely 14,000 ki (Stuart et
al. 2007). The two main tributaries of the Crook&der are the North Fork Crooked
River which originates in the Ochoco Mountains #melSouth Fork Crooked River
which arises from high desert springs (Stuart.e2@07). The Crooked River flows
into Prineville Reservoir and is discharged throBglwvman Dam. Bowman Dam is a
245-foot- high (74.7 m) earth laden impoundment thanpassable to fish (Stuart et
al. 2007). The hypolimnetic release of water thaiplies cold water to the river, with
annual temperatures ranging frofic4o 12C, is what has created the productive
tailrace fishery (Stuart 2007). Flows dischargeat Bowman Dam are regulated by
the US Bureau of Reclamation (BOR) and operatetthé&yDchoco Irrigation District
(OID). Bowman Dam was constructed and is managiedgpity for irrigation
purposes, flood control and water storage.

Redband trout, also known as rainbow trout, arev@ad the Columbia
drainage east of the Cascade Mountains (Behnke)1R@8band trout can display
migratory behavior, partial migrations or residkiet-histories (Northcote 1997).
While redband trout have developed a diversityfefiiistory strategies throughout
their range (Benke 1992), the strategies useddiyared trout in the Crooked River
have not been documented.

Mountain whitefish Prosopiumwilliamsoni) is the other dominant salmonid
species below Bowman Dam. Mountain whitefish arenimers of the Salmonidae
family and the Coregoninae subfamily (Nelson 19849untain whitefish are among
the most abundant fish in western North Americkedaand rivers (Scott and
Crossman 1973) and yet there are very few studmsséd on mountain whitefish
population characteristics or movement patternpuRdion estimate data collected by
ODFW indicates that while the redband trout popotahas declined in abundance

the mountain whitefish population is increasingoPto this study, ODFW observed
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mountain whitefish during population enumeratiorveys but did not quantify the

mountain whitefish population.

Despite the fragmentation of the Crooked Riverbegul trout and mountain
whitefish populations persist below Bowman Dam. Téaband trout population
estimates have ranged from as many at 13,000 peykilometer in 1994 to as low as
600 trout per kilometer in 2006. This study wasiaed to investigate the population
characteristics and movement patterns of both redibbaut and mountain whitefish to
better understand what factors are driving popatatiuctuations. The primary goals

of this thesis were to:

GOAL 1: Evaluate the movement patterns of redband tradinamuntain whitefish in
the Crooked River below Bowman Dam. Chapter 2, Moset Patterns of Redband

Trout and Mountain Whitefish in the Crooked RivVOR reports the results of a two-

year radiotelemetry study.

GOAL 2: Monitor total dissolved gas levels (TDG) in theoGked River to evaluate
the incidence of supersaturated water and gas éuldease in redband trout and
mountain whitefish. ODFW had noted gas bubble diséa fishes below Bowman
Dam and one of the hypotheses regarding the redibamidpopulation decline is
based on the presence of supersaturated wategdipiimg releases. Chapter 3, Total
Dissolved Gases and Gas Bubble Disease in the €ddekver, ORreports the

findings of the TDG monitoring conducted on the @ed River.

GOAL 3: Implement a more comprehensive population estisiateey to document
both redband trout and mountain whitefish popufaibundances. Chapter 4,
Population Characteristics of Redband Trout and iflmn Whitefishreports the

results of the population survey data and reveattems between population structure

and environmental variable.
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Chapter 5 is a general discussion in which | sunmadhe findings from all

aspects of this study, recommend management ac@mhsuggest further research

needs in the Crooked River.



CHAPTER 2. MOVEMENT PATTERNS OF REDBAND TROUT
AND MOUNTAIN WHITEFISH IN THE CROOKED RIVER,
OREGON

INTRODUCTION

The Crooked River, located in central Oregon, esléngest tributary of the
Deschutes River, encompassing a watershed of aipmately 14,000 krh(Figure 2.1;
Stuart et al. 2007). The two main tributaries & @rooked River are the North Fork
Crooked River which originates in the Ochoco Mourgand the South Fork Crooked
River which arises from high desert springs (Steagl. 2007). The Crooked River
flows into Prineville Reservoir and is dischargkmbtigh Arthur R. Bowman Dam
(herein referred to as Bowman Dam). Bowman Dam2dsfoot-high (74.7 m) earth-
laden impoundment constructed in 1961 that is irsgiale to fish (Stuart et al. 2007)
and is managed primarily for irrigation purposésod control and water storage.
Flows discharged from Bowman Dam are regulatechbydS Bureau of Reclamation
(USBOR) and operated by the Ochoco Irrigation s{OID). From Bowman Dam,
the Crooked River flows approximately 65 river kileters (rkm) and joins the
Deschutes River at Lake Billy Chinook (Stuart et28l07). The adjacent land below
Bowman Dam is managed by the US Bureau of Land iemant (US BLM) and
was designated as a part of the federal Wild amaiSd&River system in 1988 under
the recreational classification (ODFW 1996). An otegation diversion, Stearns
diversion, is located at rkm 17. Three rkm dowrestreof Stearns diversion is the
primary irrigation diversion, located at rkm 20. \(f@ not know if the fish residing
below Bowman Dam migrate below Stearns diversiothemprimary irrigation
diversion or if either diversion is passable fahfi

The Crooked River “tailrace” fishery, located irettail water section starting
at the outlet of Bowman Dam and continuing sevedial downstream, was created

with the dam’s construction. The fishery is extrgmmopular and has been described
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as one of the premier redband trout fisheries igdn (Shewey 1998). The cold

water discharge from Prineville Reservoir has @ealis productive fishery due to
the hypolimnetic release of water; this resulta mver with an annual temperature
range of just XC to 12C (Stuart 2007).

The popularity of the fishery has resulted from hirstorically abundant
redband trout@ncorhynchus mykiss) population, year round angling opportunities,
and the high angler success rates. In spite gidpelarity of the fishery, population
estimate data from the Oregon Department of Fishvditdlife (ODFW) collected
over the last decade indicate that the redband prajulation has declined in
abundance whereas the mountain whitefiatogopium williamsoni) population is
increasing. The decreasing abundance of redbantisra source of concern for the
Central OR angling community, ODFW, US BLM, USBA®D and the Crooked
River Watershed Council. These organizations aealigenterested in determining
what is causing the observed decline of the fishery

There is a scarcity of data on the distribution armement patterns of
redband trout and mountain whitefish in the CrooRecer below Bowman Dam. To
address this lack of knowledge and better undeddtas changes in apparent redband
trout abundance, we performed a two-year radiartetey study on both species. Our
specific objectives with this work were to (1) delse range extent and distribution of
fish in the system, (2) characterize migration tigyirearing and spawning locations
for both species, and (3) determine if individuashfmovement patterns are influenced

by species characteristics or environmental cooti
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Figure 2.1. The Crooked River basin, which is ledan central OR, with the study

area below Bowman Dam circled.

METHODS

Methods Capture, Tagging and Tracking
Redband trout and mountain whitefish were captwi¢ild hook and line

sampling via flyfishing. Angling effort focused alistributing radio tags throughout
the thirteen-kilometer section of river from Bowmiaam to the lower end of the wild
and scenic section near Castle Rock campgrounik wese implanted with one of
two models of high-frequency, digitally encodedchsmitters, one of two types of
Nano tag, either the NTC-6-2 (300 or 250 day opemat life) or the NTC-4-SL (111
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day operational life)(Lotek Wireless Inc.). The sifie tag model for each fish was

chosen based on an attempt to limit implanted trattesrs to 2% or less of the total
weight for each fish (Winter 1983). Fish were pthaean anesthetic bath with
approximately 100mg/L tricane methane sulfonate-@23, Argent Laboratories)
buffered with 120mg/L sodium bicarbonate bufferrt®uerfelt and Smith 1990)
standard surgical procedures were used to impéaid tags into the body cavity of
each radio tagged fish (Summerfelt and Smith 19B&gal length, weight to the
nearest gram, maturity if visible and health offish were recorded. To determine
age, a minimum of ten scales were removed betweeddrsal line and lateral line of
each tagged fish.

Radio tagged fish were tracked weekly using harid-teéemetry equipment,
including vehicle tracking with a roof mount antarand foot tracking with a hand-
held Yagi antenna. Either a SRX_400 or SRX_400/fekdVireless telemetry
receiver was used to locate the tagged fish. Eawha radio tagged fish was located
through signal triangulation, the position of tiehfwas recorded in the UTM
coordinate system using a hand-held Global Posiip8ystem (GPS). Several times
throughout the study, a fixed wing aircraft (whemitable) was used to track fish that
were not detected in the study area. For eactstishessfully located, the location
details and GPS point for each fish were entertdan access database and imported
into a GIS database layer using ArcGIS 9.3 (ESH#$h locations were mapped and
visually displayed. Each location event was assediwith a river distance, measured

in meters along the river from Bowman Dam (0 kmdhte location of the fish.

Methods of Analysis
Range extent and distribution

Because the focus of this study is to understaridl the extent of the Crooked
River used by individual fish and where fish cortcate, two methods were used to
describe the geographic range for each fish. Tealirange was determined for each

fish by using the most upstream and downstreantittéo define maximum
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movement distance observed. To assess core ramggdh fish for which multiple

detections existed, the repeat locations were aedlysing percent frequency

distributions by river kilometer.

Migration timing, rearing and spawning locations

The Crooked River is a very turbid system. Thistknour ability to visually
identify redds or conduct spawning ground survéisuntain whitefish spawn in the
late fall or early winter depending on altituddijtiade and water temperature
(Northcote and Ennis 1994). Based on angler acspurduntain whitefish aggregate
in spawning areas from mid-November to early Fetyrg@DFW and Central Oregon
Flyfishers, personal communication). Over the cewnfsthis study, anglers checked
mountain whitefish for signs of maturity by manyadalpating the abdomen to check
for reproductive products, and reported seeingoadyoetive mature fish from mid-
November to late January. This time frame was tsetsually display potential
mountain whitefish spawning locations.

Stuart et al. (2007) reported observing ripe omspd redband trout from
April to June in the Crooked River. Anglers havpared redband trout spawning as
early as February and as late as June (ODFW, mdrsommunication). During the
course of this study, anglers documented signsabfinty and locations for mature
redband trout. These data was used to map redbautdspawning areas.

Movement patterns, species traits and environmental variables

To explore the relationship between overall movampetterns and individual
fish characteristics, and weekly movement pattegteged to environmental variables,
the data were converted into four different magifa multivariate analysis (Table
2.1). Multivariate analysis was used to determwvhether (1) movement patterns
differed among individual fish and (2) movementti@ats were related to species
characteristics or environmental variables. Allltiwariate analysis was conducted
with PC-ORD version 6.158 beta (McCune, B. & MMgdford. 2010).
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Table 2.1. Summary of the matrices developed falysis of movement patterns
described below. Numbers in parentheses indicatadimber of entries for each of

the variables.

Matrix Name | Rows Columns
. Absol
M;/(;tzjent CE';Q " Tag Linear| Mean | Median | Cumulative| ute
. Location | range | location | location | movement| move
Matrix (72) ment
, , Fish Fork
Spic/l'%-.rra” Code #| Species| Sex Age| Length | Weight (g) Tag
atrix Group
(72) (cm)
Weekly
M ovement
Matrix (4)*
Fish . . .
Tag group 1 Code # Weekly distance measur%én relation to Bowman dain
(17) (33)
Fish . . .
Tag group 2 Code # Weekly distance measur((z |1r)1 relation to Bowman dain
(8)
Fish . . .
Tag group 3 Code # Weekly distance measur(;in relation to Bowman dan
(21) (m)(31)
Fish , . .
Tag group 4 Code # Weekly distance measurelén relation to Bowman darn
12 (M)(13)
Environmental
Matrix (4)
Week #
Tag group 1 (33) Te
Tag group 2 W(Zii)( # Gauge | CFS | CFS | CFS | Temp | Temp 2\?
Weoek # Height | min | max | Avg min Max g
Tag group 3 (31) (ft) (cfs) | (cfs) | (cfs) (°C) (°C) (°C
Week #
Tag group 4 (13) )

* Weekly movement matrices were transposed in P@@Ralign properly with the
environmental matrix

Multi-response permutation procedure (MRPP)
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Multi-response permutation procedure (MRPP) wasl tisdest the null

hypothesis of no differences in movement pattemsray groups of fish tagged at
different times (4 tag groups) to determine if ¢gggups could be analyzed together.
MRPP is a non-parametric procedure for testindhifpothesis of no difference
between two or more groups (Zimmerman et al 198RPP is a useful tool for
community data because there are no required assun®f multivariate normality

or variance homogeneity (McCune and Grace 2002prfSsen distance measures were
used for the MRPPs to retain sensitivity for thesenogeneous data set (McCune and
Grace 2002).

Total movement matrix & species matrix

For comparisons of total movement patterns amodigictual fish, a total
movement matrix was created using individual fishiree sample units (rows) and
measurements of movement as the column variablestolal movement matrix
included 72 rows (24 mountain whitefish + 48 redb&mout) and 6 columns
(movement variables). The movement variables (cok)monsisted of tag location,
linear range, mean location and median locatioreémh fish, as well as a calculation
of absolute movement, which is the absolute diffeesin distance from the dam
between initial tagging and ending recording, dreldumulative distance moved for
each individual. The species traits matrix includpdcies, sex, age, fork length (cm),
weight (g) and tag group for each fish resultingimatrix with 72 rows (individual

fish) x 6 columns (species traits).

Weekly movement matrix & environmental matrix

The weekly movement data was divided into four senahatrices for each tag
group, consisting of weekly distance measures cf é§ah. Weekly distance was the
distance a fish moved from week to week and wasrghehed by subtracting the
current week location for each fish from the pregiaveek’s location and taking the

absolute value. The matrix parameters (numbeows rand columns) changed for
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each tag group based on the number of fish detacteédhe maximum number of

weeks that provided the most consistent serieseafsorements for the greatest
number of fish. Therefore the matrix parametersetoh of the four tag groups were
vastly different. The structures of the weekly mment matrix are as follows: tag
group 1 (17 individuals x 32 weekly movements), dagup 2 (8 individuals x 41
weekly movements), tag group 3 (21 individuals x\&&kly movements), and tag
group 4 (12 individuals x 13 weekly movements).e Theekly movement matrices
were all transposed so the weeks were rows andishence measures and
environmental variables were columns. The envirarntalanatrix consisted of weekly
measurements of gauge height (ft) and the minimmaximum, and average for both
flow (cfs) and temperature (°C), as measured frloengauging station at the base of
Bowman Dam. The environmental matrix was also @githto four smaller matrices

to agree with the weekly movement matrices for éaghgroup (Table 2.1).

Non-metric multidimensional scaling (NMYS)

Non-metric multidimensional scaling (NMS) is an io@tion technique that is
well suited to non-normal data or data that arguestionable scales (McCune and
Grace 2002) and the movement data are non-normhaliyouted. | first analyzed the
structure of individual fish plotted in movemenasp by performing an NMS
ordination on the total movement matrix. NMS wasdiacted to investigate the
ordination of individual fish in movement spacevisualize the differences and
similarities among movement patterns for individiisth from all tag groups. All
NMS ordinations used Sorenson distance measure®M8 analysis, random
starting configurations with 500 maximum iteratiomsre used with 250 runs
conducted using real data. Autopilot settings viereed off and two axes, k, were
selected based on previously run autopilot trialslMS in which a 2D solution was
recommended. To examine whether the NMS ordindtiand stronger axes in the
data than would be expected by chance, a Mont® Candomization test was

conducted with 250 runs of randomized data. Thdaamnzed runs of data were
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compared to results of runs from the real datssess the dimensionality of the

solution ordination. Dimensionality is increasedentan additional axis improves
(reduces) the stress compared to the randomizedptat).05) (McCune and Grace
2002). Ordinations were plotted as individual fistmovement space and joint plots
were used to visualize the relationship betweenamnt variables and ordination
scores from the total movement matrix. The propardf variance represented by
each axis was determined by the coefficient ofrdeiteation (f) between the
distances in the ordination space and the distandée original space (McCune and
Grace 2002). Pearson and Kendall correlations @atth ordination axis were used to
measure strength and direction of species andamiental variables (McCune and
Grace 2002). To determine whether movement patteens related to species
variables, variables in the species matrix werelayed on the movement ordination.

To examine the relationship between the weekly mmerd patterns and the
coinciding weekly environmental variables, four NM&linations were performed for
each tag group. For each NMS ordination, the weekivement matrices were used
as the main matrix and the environmental matriceisewsed as the second matrix.
Ordinations were plotted as individual weeks it fisovement space and joint plots
were used to visualize the relationship betweerklygaovement patterns and

environmental variables.

RESULTS

Summary of tagging and tracking

We captured and radio tagged 48 redband trout Amddintain whitefish in
October 2007, April 2008, October 2008 and Marcd®(rable 2.2). The average
total length for tagged whitefish was 34 cm (ra@8e43 cm) with an average age of 4
years old (range 3-5). Redband trout had an aveocagidength of 29 cm (range 24-42
cm) and averaged 3 years old (range 2-4 years).
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Table 2.2 Date, tag type, and number of fish fdhlspecies tagged at each tagging
event.

Tag Group Tag Date Battery operational MWF RBT

life (days) (n) (n)

1 October 6-7,12, 300 8 18
2007

2 April 5, 2008 300 8 -

3 October 3-4,11, 250 8 17
2008

4 March 20-21, 111 - 13
2009

The majority of the tagged fish were only detectatthin the 13 rkm study
area. Two fish, one mountain whitefish from tagugr@ and one redband trout from
tag group 4, were detected in the Crooked Rivesvb¢he study area at rkm 18.
Three additional redband trout from tag group lensdso detected downstream of the
study area, but the tags for those fish were faoradblue heron rookery so the last
known location in the river was used for the endowation for subsequent analysis.

For tag group 1 (October 2007) 5 of the 8 whitefasdre tracked for the
operational life of the battery (300+ days). Thefaining whitefish were not
detected in any tracking event after the week ©f24/2008). This week represented
the start of a cold weather event that includedctiidest river temperatures of the
entire study were recorded ). Of the 18 tagged redband trout in tag groupi1,
fish were tracked for the operational life of thetbry (300+ days). All 11 fish were
found only within the study area. Of the 7 fishttlvere not tracked for the duration
of the tag battery life, 1 fish was lost in NovemB807 and was removed from the
dataset. The remaining 6 redband trout were nestexcted after the cold weather in
January-February 2008. Aerial tracking of the riveFebruary 2008, failed to reveal
the location of any of these fish within or beldve tstudy area.

Tag group 2 (spring 2008) consisted of 8 mountédirtefish, all of which
were tracked for 300+ days. Tag group 3 (fall 20€8)sisted of 8 mountain whitefish

and 18 redband trout. All of the mountain whitefigére tracked for the operational
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life of the battery (250+ days). One redband teas harvested by an angler within a

few weeks of tagging and was removed from the éat&f the remaining 17 fish, 3
redband trout were not detected in any trackingheatter the start of cold weather
(January-February 2009). Tag group 4 consistedaedband tagged trout and all 13
were tracked for the duration of the battery lf&1 days).

Range and Distribution

The linear range among fish was highly variableb{&&.3). For mountain
whitefish, the average linear range was 3.9 km withimums ranging from 0.5 km to
1.8 km and maximums ranging from 7.3 km to 9.7 Kime average linear range for
redband trout was 3 km, with minimums ranging fr@/a km to 0.3 km and

maximums ranging from 6.7 km to 11.9km.

Table 2.3. Linear range for mountain whitefish asdband trout summarized by tag
group.

Tag Group Mountain whitefish Redband trout
n Min Max | Average| n Min Max | Average
(m) | (m) (m) (m) (m) (m)

Taggroup 1| 8| 1800 7300 4400 1B 200 1190500

Tag Group 2 800 9700 3000

(o0}

Tag Group 3| 8 500 9500 3000 17 300 8100 2200

Tag Group 4| - - - - 13 300 6700 3300

To assess core range, or if fish concentratedriaiceareas, fish locations
were summarized by relative frequency of detedbipmiver kilometer. Examining
each tag group based on relative frequency showadish utilized all sections of the
study area at some time during the study (Figur2ead 2.3). Nine of the 24 tagged
mountain whitefish were detected within one kiloemnetf their tagging location for
80% of the time. Over half of the redband trouysthwithin one kilometer of their
tagging location throughout the study. For the mj@f fish in the study, the linear
ranges for both mountain whitefish and redbandttspanned from Bowman Dam
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downstream to the end of the wild and scenic sedfaiver (Figure 2.4), with the

exception of the two individuals that left the pam study area.

Mountain Whitefish Distribution Patterns
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Figure 2.2. Radiotagged mountain whitefish tagtioos and detections expressed as
a percent frequency of location by river kilome@&owman Dam is located at rkm O
and fish were tagged from Bowman Dam downstreanvéo kilometer 13.
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Figure 2.3. Radiotagged redband trout tag locatmisdetections expressed as a
percent frequency of location by river kilometeaviBnan Dam is located at rkm O
and fish were tagged from Bowman Dam downstreanvéo kilometer 13.
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Migration timing, rearing and spawning locations 18
Anglers reported seeing ripe mountain whitefisirfnmid-November to late
January and ripe redband trout from early Apribtigh late June. Anglers also noted
that mountain whitefish were captured in shalloi¥es when ripe and in pools when
no signs of maturity were present (Figure 2.5; @@Fonnel communications).
Based on spawning timing reported by anglers,léshtions were evaluated based on
relative frequency of locations categorized by spag timing versus rearing periods
(Figure 2.6). Both species are found throughoustbdy area during both spawning
and rearing period, but mountain whitefish and esgatbtrout fish are found at higher

frequencies between river kilometers 1-2 duringxspag periods.

eographic Coordinate System: WGS 1984 Geaphic Coordinate System:GS 1984

Figure 2.5. Redband trout and mountain whitefislwspng ground locations on the
Crooked River below Bowman Dam. Redband trout sjragviocations are based on
angler reports of where mature fish were captuvealintain whitefish locations are
based on spawning timing reported by anglers.
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Figure 2.6.Relative frequency of mountain whitefestd redband trout detections by
river kilometer categorized by spawning and reatimg-periods.

Movement patterns, species traits and environmental variables

As with range extent, individuals of both speciesvged a high level of
variability in cumulative and weekly movement (TebP.4 and 2.5). The total
cumulative distance measured for mountain whitafestged from as little as 2.4 km
to as large as 26.5 km, with an average cumulatioeement of 9.7 km. The average
weekly minimum movement for mountain whitefish vé@ meters, but ranged from
no movement detected in a week to 9.4 km travé&edband trout also displayed a
high level of variability in cumulative and weekiyovement patterns. The total
cumulative distance moved by redband trout rangad fess than a kilometer over
the course of the study to close 30 km and averéded. Weekly movements for
redband trout varied from no movement detectedweek to 6.8 km travelled.
Overall, mountain whitefish had greater cumulativevement than redband trout
(one-way ANOVAp = 0.002).



Table 2.4. Mountain whitefish cumulative and weeakigvement measures,
summarized by tag period.
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Mountain Whitefish Movement Summary

Cumulative Movement

Number | Number Weekly Movements
Tagging| Fish Dates Average | Min | Max |Average Min | Max
Period | Tagged | Tracked (m) (m) (m) (m) | (m)| (m)
Fall 2007] 8 29 (12-40) 10,600 | 4,251 18,360 443 0 | 5,289
Spring
2008 8 38 (33-42) 10,163 | 5,059 17,733 272 0 | 7,440
Fall 2008 8 28 (25-31)] 8,333 2,415 26,582 287 0 | 9,386
Totals 24 9,699 334
Table2.5. Redband trout cumulative and weekly mar@s) summarized by tag
period.
Redband Trout Movement Summary
Number | Number Cumulative Movement | Weekly Movements
Tagging| Fish Dates Average | Min | Max | Average |Min| Max
Period | Tagged | Tracked (m) (m) (m) (m) (m) | (m)
Fall 2007 18 23 (4-38) 7,141 616/ 23,489 308 0 |10,07p
Fall 2008 17 25(11-34) 6,081 1,810/ 28,518 248 0 | 5,945
Spring
2008 13 12 (7-14) 5,413 1,119 13,238 453 0 | 5,789
Totals 48 6,212 616 |28,518| 336 0 /10,070

MRPP & NM Sresultstotal movement matrix

First, an MRPP was performed on the total movenre&itix using tag group

as the grouping variable. The MRPP indicated thatieterogeneity of the 4 tag
groups did not differ more than would be expectgdhmnce (T =-0.3, A =0.009,=

0.33) so all tag groups were combined and includede NMS ordination. The

ordination of individual fish in movement spaceulésd in a two-dimensional

ordination that explain 95% of the variation betwdee original and ordination space

(stress 7.68, final stability = 0.00000 at 27 itienas). Axis one represented 51% of the

variation and axis two represented 44% of the tianan the individual movement
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data (Figure 2.7). Of the movement variables inetlch the ordination, absolute

movement, cumulative movement and linear range peséively correlated with

axis one (== 0.65, 0.65 and 0.59 respectively). Mean locatinedian location and
tag location were highly correlated with axis twt=(0.83, 0.83 and 0.79
respectively). Axis one shows a gradient of fisht ttnoved a lot (left side of the axis)
to fish that moved very little (right side of theig). Axis two shows that fish tagged at
the downstream end of the study (upper portiorxef ®vo) had similar movement
patterns regardless of species or tag group. Thdtseof the ordination show that fish
tagged near the dam showed a lot more variabilitpovement patterns compared to
fish tagged downstream from the dam. The ordinaien shows that we do not see
differences in movement patterns between redband &nd mountain whitefish.
Overlaying the species matrix on the movement atthn did not reveal any strong
relationships between movement patterns and sifishgfage of fish, or tag group
(Figure 2.8).
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Figure 2.7. NMS ordination results of individuaHhiin movement space. Each
triangle represents an individual fish (numbersidg tag code and colors represent
tag groups). Axis one accounts for 51% of the vianmeain the movement data. The left
side of axis one represents fish that moved auotutatively and had large linear
ranges. Axis two accounts for 44% of the variatiothe movement data. The fish
located at the bottom of axis two were tagged Beavman Dam and fish located at
the top of axis 2 were tagged at the downstreanoétite study site.
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Figure 2.8. Two Scatter plots (upper left and lovigint graph) of fork length in
relation to both axes from the NMS ordination (uppght) of individual fish in
movement space (same ordination as in Figure Bath point represents the fork
length for each fish tagged. Each triangle reprissam individual fish identified by
species. No strong relationships were evident batweovement patterns and fish
size (axis one’r= 0.02, axis 27= 0.01).

Weekly movement patterns and NM S results:

Four NMS ordinations were conducted on each tagmto determine if any
environmental variables correlated to the weeklyemoent patterns of fish. The NMS
ordinations for all four tag groups show that wgaklovement patterns for each tag group are
related to environmental variables but at diffelemels of variation (Table 2.6). The NMS
ordinations revealed that minimum temperaturesarelated to weekly movement for each
tag group. For tag group one, gauge height wasaasmportant variable explaining 28% of

the variation within the weekly movement data (Fé&gR.9). For the remaining tag groups,
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minimum and average temperatures are the enviraanegriables most highly correlated

with the weekly movement data (Figure 2.10-2.12).

Table 2.6. NMS 2-D ordination results for the 4 @gups showing the greatest variance
explained for each tag group on axis one and awds NMS was used to reveal relationships

between weekly movements of individual fish andiemnmental variables.

Tag | Axis | Axis Strongest Strongest correlation Final Final Number
. ) ) o of
Group| 17 | 27 | correlation axis one axis two stress| Instability | . .
iterations
1 24% | 26%| Gauge height (28%) Min temp (27%) 23.45 <0.00 92
2 35%| 30%| Min temp (54%) Average temp (5%) 23.44<0.00 52
3 37%| 23%| Mintemp (11%) Average temp (9%) 22.13<0.00 52
4 21%| 12%| Mintemp (57%)| Min discharge (1194)8.13| <0.00 50
Tag Group 1 NMS 2D Solution
N Alcl) Azg 23 : ABG
.g ° 14 31 - (l\B/laug(;ef(ft) AAO
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Figure 2.9. NMS ordination of weeks in movementcgp&ach triangle represents a
week (week one is October, 8 2007). Axis one actior 24% of variation in the
movement data and axis two accounts for 26% vanati the movement data. Gauge
height and minimum discharge (cfs) are correlatealis one fr= 28% and 22%
respectively). Minimum temperature and average &atpre are correlated to axis

two (P= 27% and 24% respectively).
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Figure 2.10. NMS ordination for tag group 2 of we@&k movement space. Each
triangle represents a week (week one is April D082. Axis one accounts for 35%
of variation in the movement data and axis two aot®for 30% variation in the
movement data. Minimum, maximum and average tenyoerare correlated to axis
one (F= 54%, 27% and 27% resprectively). Minimum tempe®is weakly
correlated to axis two{r 5%).
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Figure 2.11. NMS ordination for tag group 3 of we@&k movement space. Each
triangle represents a week (week one is Octobe?008). Axis one accounts for
37% of variation in the movement data and axis asoounts for 23% variation in the
movement data. Minimum temperature is weakly categl to axis one{r 11%).
Average temperature is weakly correlated to axis (= 9%).
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Figure 2.12. NMS ordination for tag group 4 of weé&k movement space. Each
triangle represents a week (week one is March @29 Axis one accounts for 21%
of variation in the movement data and axis two aot®for 12% variation in the
movement data. Minimum, average and maximum tenyor@sare correlated to axis
one (F= 57%, 56% and 36% respectively).

DISCUSSION

We documented the range, distribution, and movepatterns of redband
trout and mountain whitefish in the Crooked Riwate found the linear range and
movement patterns were variable between individizaboth species. In general, fish
that were tagged near the downstream end of tlag $tkm 13) moved less than fish
that were tagged below Bowman Dam. The range astdudition of tagged fish
showed that all parts of the wild and scenic seatibthe Crooked River below
Bowman Dam are important at some time for both nenarwhitefish and redband
trout, but that there is very little movement doiwvar out of this section. Although we
see differences in distributions for fish of eapkaes, both species occupy most
sections of the river throughout the year. Movenpaiterns were highly variable in

terms of weekly movement patterns, cumulative mamand linear range. We did
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not see any clear patterns between movements iwfdodl fish and species traits.

The analysis of weekly movement patterns and enmiental variables showed
correlations between weekly movements and watepéeatures but much of the
variation in the movement data was not explainedrbgronmental variables
suggesting other cues for fish movements.

Spawning areas and timing were identified for redbtout and mountain
whitefish based on angler information, but wereewtient from the telemetry data.
The telemetry data did not show directed movemientards spawning areas because
many of the fish were tagged near what turned@betspawning areas, as later
identified by anglers. Because the lengthy spawtimagng for redband trout coincides
with spring releases from Bowman Dam, if was diffico determine if movement
patterns are associated with spawning timing oceroémvironmental variables such as
flow and temperature.

Some populations of redband trout complete thigirdycle within a single
stream whereas others exhibit large-distance montntieat can include migratory
behavior, partial migrations or resident life-his¢és (Northcote 1997). Redband trout
are known to have developed a diversity of lifetdmg strategies (Behnke 1992) but
based on our research, redband trout in the CroRkest below Bowman Dam
appear to be a resident form of the species.idp®rtant to note that the redband
trout we radio tagged ranged in age from 2-4 wittagerage age of 3 years old, so if
there is a migratory life history component in tedband trout population, we tagged
fish after the age where a migratory life histongin be expressed.

Mountain whitefish are among the most abundantiespgresent in many
Oregon rivers (Northcote and Ennis 1994) yet tlaeeevery few studies related to
movement patterns of mountain whitefish. To ouridealge, there is only one other
study in Oregon that focused on mountain whitefislvement patterns. Baxter (2002)
radiotracked mountain whitefish in the Wenaha Ri@R and reported annual home
ranges ranging from 0.2km to 190km with an averdg®l km. Baxter (2002)

reported mountain whitefish exhibit complex seasamgrations and numerous life
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history strategies, and reported that the majafihe tagged fish moved downstream

to larger river systems for overwintering and read the following spring to the
location where they were tagged. Although Baxt@0@) documented multiple life
history strategies for mountain whitefish, accogdia our study mountain whitefish
have a resident, non-migratory life history in @moked River below Bowman Dam.
Mountain whitefish stay in the same section of@meoked River for rearing,
spawning and overwintering. Similar to Baxter (202 found no correlations
between mountain whitefish movements and fish size.

Prior to this study, there was limited data ondtstribution and movement
patterns of redband trout and mountain whitefisthnénCrooked River below Bowman
Dam. We questioned if the population decline walyta decline or if fish were
moving to other sections of the Crooked River davaasn of Bowman Dam. This
study has shown that redband trout and mountaitefigti stay within this section of
river. The next step is to examine the river candg and other factors in the years
where the redband trout population showed a maiketine in order to gain a better
understanding of what factors may have contriboithé decline. It is important to
note that during the telemetry study, river flovid dot exceed 2000 cubic feet per
second (cfs), which is considered to be a high #ent. Such an event might change
the movement dynamics of both species. We conchatdfish stayed within this
section of river during low flow events and low isigrdischarges but how fish

respond to high flow events still needs to be exawhi



29
REFERENCES

Baxter, Colden. 2002. Fish Movement and Assemhagemics in a Pacific
Northwest Riverscape. Ph.D. Dissertation, OregateStiniversity.

Behnke, R.Y. 1992. Native Trout of western North&ina. American Fisheries
Society Monograph 6, Bethesda, Maryland.

Blundell, Gail. M., Julie A. K. Maier and Edward.\debevec. 2001. Linear Home
Ranges: Effects of Smoothing, Sample Size and Autelation on Kernel Estimates.
Ecological Monographs 71 (3) pp.469-489.

Braak, Cajo J.F. and Piet F.M. Verdonschot. 19@mddical correspondence analysis
and related multivariate methods in aquatic ecaldgpatic Sciences 57/3 pp.255-
289.

Burt, W. H. 1943. Territoriality and home range cepts as applied to mammals. J.
Mammals. 24:346-352.

Hodder, K. H., J.E. Masters, W.R. Beaumont, R.Ezl&qg A.C. Pinder, C.M. Knight
and R.E Kenward. 2007. Techniques for evaluatiegsfhatial behaviour of river fish.
Hydrobiologia 582: 257-269.

Hodgson, B. 2007-2010. Personal Communication. @r&gepartment of Fish and
Wildlife: Bend, Oregon.

McCune, B. and M. J. Mefford. 2010. PC-ORD. Multiaée Analysis of Ecological
Data. Version 6.158 beta MjM Software, GlenedendBe®regon, USA.

McCune, B. and J.B. Grace. 2002. Analysis of EdcilgCommunities. MjM
Software Design. Glenden Beach, Oregon, USA.

Mulhfeld Clint C. and David H. Bennett. 2001. Fatld winter habitat use and
movement by Columbia River Redband trout in a sstadlam in Montana. North
American Journal of Fisheries Management 21: 170-17

Northcote, T.G. and G.L. Ennis. 1994. Mountain wh&h biology and habitat use in
relation to compensation and improvement posgslitReviews in Fisheries Science.
Vol. 2, no. 4, pp.347-371.

Northcote, T.G. 1997. Potamodromy in Salmonida@dj\and moving in the fast lane.
North American Journal of Fisheries Managementl029-1045.



30
Okland, R. H. 1996. Are Ordination and Constrai@edination Alternative of
Complementary Strategies in General Ecological isgfdJournal of Vegetation
Science, Vol. 7, No. 2, pp. 289-292

Oregon Department of Fish and Wildlife (ODFW). 19@8ooked River Basin Plan,
Second Draft. Ochoco Fish District, Prineville, Qua.

Shewey, John. 1998. Oregon Blue-Ribbon Fly FiskBungle. Frank Amato
Publishing. Portland, Oregon, USA.

Stuart, A. M., D. Grover, T.K. Nelson and S.L. Téfeld. 2007. Redband Trout
Investigations in the Crooked River Basin. Pag@91in R.K Schroeder and J.D.
Hall Editors. Redband trout: Resilience and cimgleein a changing landscape.
Oregon Chapter, American Fisheries Society, Casvall

White, Gary C. and Robert A. Garrot. Analysis ofitifie Radio-Tracking Data. San
Diego: Academic Press, 1990.

Winter, J.D. 1983. Underwater biotelemetity Fisheries Techniques. Edited by L.A.
Nielsen and D.L. Johnson. American Fisheries Spcigthesda, Md. pp. 371-395.

Zimmerman, G.M, H. Goetz and P.W. Mielke. 1985. dJskan Improved Statistical
Method for Group Comparisons to Study Effects @fifir Fire. Ecology, Vol. 66, No.
2, pp. 606-611.



31
CHAPTER 3. TOTAL DISSOLVED GASAND GASBUBBLE
DISEASE IN THE CROOKED RIVER, OREGON

INTRODUCTION

In April 1989, signs of gas bubble disease wereniesl in over 80% of the
redband trout captured during electro fishing sysveonducted by the Oregon
Department of Fish and Wildlife (ODFW) in the CreokRiver below Bowman Dam.
In April of 2006 ODFW again observed signs of gablile disease in redband trout
and mountain whitefish. Gas bubble disease invdlvegormation of bubbles within
the tissues of an organism that results in visiges or internal bubbles that result in
tissue damage (Gorham 1901). Adult and juvenileealds are threatened by gas
bubble disease in river systems where gas satunattst is present (Weitkamp and
Katz 1980), but the impacts of gas bubble diseas@® native fish in the Crooked
River are not well understood.

To better understand the frequency of occurrendesatent to which water in
the Crooked River becomes supersaturated withagasthe potential for gas bubble
disease to occur in the local fishes, a total diesbgas (TDG) study was undertaken
to address the following objectives:

1. Review the current state of knowledge with regardds supersaturation and
gas bubble disease for various life stages of meditrdut and mountain
whitefish

2. Monitor TDG levels downstream of Bowman Dam to éetinderstand the
frequency and extent of supersaturated water

3. Create a river-flow saturation curve to predict TI2&els at specific flows

How doeswater become supersaturated with gases?
The solubility of atmospheric gases in water istdeained by water
temperature, dissolved solid content of the watea) pressure and the characteristics

of the various gases, with the main environmeraetidrs in freshwater systems being
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temperature and pressure (Colt 1984, Harvey 1#é)ry’s Law states that the mass

of a gas dissolved in a liquid at a constant teajpee is proportional to the pressure
exerted on the solvent (Colt 1984, Harvey 1975pther words, as the pressure on a
given volume of water increases, the capacity af water to hold dissolved gas also
increases (Colt 1984, Harvey 1975). Dissolved gassure in water is normally equal
to the barometric (atmospheric pressure), butltaiance can be altered under natural
or anthropogenic situations that cause increasadsgtheric pressure, such as the
turbulence and head pressure created at dams.|&nclewr agitation of water bodies
can result in air bubbles becoming trapped andpamed into the water column (Colt
1984, Harvey 1975, Weitkamp and Katz 1980). Air barentrained in water
whenever air and water are in contact at presgrezger than the ambient
atmospheric pressure (Harvey 1975), and as wapth @ad pressure increase, the air
bubbles, consisting chiefly of nitrogen, oxygen angon, become dissolved (Colt
1984, Harvey 1975, Marking 1987).

Gasbubble disease

Gas bubble disease (GBD) is a condition that effaquatic organisms living
in waters that are supersaturated with atmosplyages (Weitkamp and Katz 1980).
Gorham (1901) was the first to describe GBD asohlpm resulting from a change in
the partial pressure of water and not resultinghfeoproblem with a pathogen.
Gorham (1901) provided an accurate, detailed dasmni of GBD as “vesicles of gas
invading all the superficial parts of the fish, esially fins, eyeballs, and in loose
connective tissue of the orbits, so that the ey@®viorced from their sockets; less
commonly bubbles formed beneath the lining of tleaith, in the gill arches and
beneath the skin, so that scales were raised tnersurface”. The effects of GDB on
fish can range from mild to fatal depending ongpecies, life stage, total dissolved
gas (TDG) levels, duration of exposure, depth, mat@perature and condition of the
fish (Ebel et al. 1975, Mesa et al. 2000, Weitkang Katz 1980).
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Gas bubbles are a precipitate that forms from gags a liquid. When this

happens inside a fish, these gas bubbles accunardtes surfaces of fish (Marsh and
Gorham 1905). When fish are subject to highly ssgerated water (>130%
saturation), bubbles collect on the surface offigteand increase in size and
frequency on the surface of the fish (Marsh andh@ar 1905). The gas bubbles in
supersaturated water are readily transferred hddtoodstream of fish because
osmotic pressures act on both sides of the gill brane and tend to equalize gas
excesses between the water and the bloodstreame{Ha975). After 24-48 hours of
exposure to water supersaturated >130%, intraeelgds bubbles can produce lesions
in the mouth cavity, skin, and fins (Marsh and Garh1905). The most common
lesions are usually in the gill filaments, whers dabbles create emboli, blocking the
flow of blood through the filaments (Marking 198W¥geitkamp and Katz 1980). Gas
bubbles are observed most commonly in caudal fim$bbbles can also develop on
the head, opercula, jaws and mouth, usually diteappearance of bubbles on the fins
(Weitkamp 1976). “Pop-eye” is also a commonly obsdrsign of GBD and results
from inflammation in the membrane behind or witthe eye (Gorham 1901,
Weitkamp and Katz 1980). The cause of death fronD @&Busually asphyxiation
caused by gas bubbles in the heart, gill filameamtgoth (Weitkamp and Katz 1980).
The gas that causes fatal emboli in the vessdistwds is almost pure nitrogen (Marsh
and Gorham 1905). Mortality can be reduced if thgosure to supersaturation is
discontinuous or intermittently compensated fonigvement to deeper water
(Dawley et al. 1976, Weitkamp 1976). The solubibfygas in water increases with
depth resulting in a decrease in the percent daiaraf gas with increasing water
depth (Weitkamp et al. 2003). For each one-metgease in water depth, total gas
saturation total gas pressure is reduced by 10%tKevep and Katz 1980). As a
result, as a fish increases its depth in waterptiential for GBD decreases
(Weitkamp et al. 2003).

Water Quality Criteriafor Gas Super saturation
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In Oregon, the mandated maximum allowable levetdtal dissolved gas

level is 110%, as established by the U.S. Envirartaidrotection Agency (USEPA)
and the Oregon Department of Environmental QUEKEQ) (Shrank 1997). Based
on their review of the published literature, theBP& and ODEQ concluded that gas
bubble disease is a factor affecting fisheriesvarrsystems where dams are present
(Rulifson and Pine 1976). Ultimately it was conaddhat a TDG level of 115%
would protect migrating salmonids but that a low&0% criterion should be adopted
to protect shallow living benthos (Rulifson and€i976).

Life stage considerations

There are gaps in the literature related to howsgaersaturation affects
varying life stages of fish and different speciess still unclear what the effects of
gas supersaturation are on fish eggs or if GBDctdfthe fecundity of fishes. Early
reports suggested that salmonid eggs are reststgats supersaturation and the
effects of GBD (Rucker and Kangas 1974, Meekin Buaher 1974). Rucker and
Kangas (1974) reported no visible signs of GDB mnBok salmon eggs held in
128% supersaturated water, as bubbles were notskening to the eggs nor were
they seen inside the eggs. Meekin and Turner (1®#d no signs of GBD in
Chinook salmon eggs but reported heavy mortalitsteélhead eggs. Owsley (1981)
reported that in salmonids, nitrogen supersaturaimuld not exceed 103% for eggs
or 105% for parr. To the best of my knowledge ¢hsmo mention in the literature on
the effects of gas supersaturation on fecundity.

Rucker and Kangas (1974) reported the progress$i@B® in Chinook and
Coho alevins which included development of gas lagoim the space between the
yolk sac and the perivitelline membrane. Mortatibcurred after rupturing of the
vitelline membrane due to the increase pressuga®fSalmon parr have been heavily
studied because migration timing of a juvenile salroccurs at the same time as high
flow events in the Columbia River system. Mesa .ef2900) examined Chinook and

steelhead parr and reported that parr exposedd% ITDG saturation did not usually
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die, but signs of GBD worsened over time. At 1202{GTsaturation, steelhead died

more quickly than Chinook parr, and at 130% saiomathe signs of gas bubble
disease were highly correlated with mortality. Reslk conducted on the Kootenia
River reported mountain whitefish held in shalloages died within four days when
total dissolved gas was above 130% (May 1973).

In the Crooked River, OR, supersaturated waterrsatost frequently during
high river discharges in April and May, althouglgthiflows have also been recorded
at other times of the year. In the spring, the asdbtrout life stages present below
Bowman dam include spawning adults, juveniles, iating eggs, and alevins. The
life stages of mountain whitefish include adult gumenile fish. As gas bubble disease
has been observed in both species within the CrbBl&eer system, this study seeks
to understand the frequency and extent to whiclsgpsrsaturation exceeds the
ODEQ standard in this system, and therefore desthid vulnerability of fishes in this
system to GBD.

METHODS

Collection of Total Dissolved Gas & River Flow Data:

Total dissolved gas levels were measured beginnidgril 2008 at six
locations downstream of Bowman Dam, using a diggbtyas meter (Model TBO-
DL6, Common Sensing Inc.). TDG data were colleetiedarious river discharge
levels from April 18, 2008 to April 21, 2010. Sitesmpled were established by the
United States Bureau of Reclamation (USBOR) in 2@0gure 3.1, Table 3.1). The
first TDG monitoring site is located directly doviream of the stilling basin at the
base of Bowman Dam. TDG sampling sites 2-5 aretdoicdownstream of Bowman
Dam and are spread throughout the federally-desagnaild and scenic section of the
Crooked River. The last TDG site was located diyagbstream of the Stearns water
diversion located 20 river kilometers (rkm) dowesaim from Bowman Dam. The 6

sites were established to determine the incidende=gtent of saturated water at the
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stilling basin at various river flows and to examthe dissipation rate of TDG levels

as water moves downstream.

Geog raphlc Coordiate Ssem: WGS 19
Figure 3.1. The total dissolved gas sampling sitesl during the TDG study to
monitor the incidence and extent of gas saturatidhe water of the Crooked River.
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Table 3.1. Name and geographic location of TDGeng sites on the Crooked
River, OR.

River km
SITE From LATITUDE /
NAVEN B Gl R e L ONGITUDE
Dam
oe1 | A Bowmggs[i)r?m Stilling 0 44° 06' 62N, 120° 47" 39"
TDG2 At USGS Gage below 1 44° 06' 60"N, 120° 47 57"\

Bowman Dam

TDG3 Devil's Post Pile campsite 4 3.7 44° 07" 711R0° 48" 13"W

TDG4 | Lower Palisades campsite [LO 7.5 44° 07' 89200 49" 71"W

TDG5 Below old Hoffman 12.3 | 44° 09' 28"N, 120° 49' 72"W
Diversion Dam Site

TDG6 At the crest of Stearns 21 44° 12' 14"N, 120° 52' 30"W
Diversion Dam

Each sampling site established by USBOR had reagonaiform velocities
to help ensure cross-sectional mixing of wateeally, TDG data should be collected
at depths greater than five meters in order torensieasurements occur below the
depth at which gas bubbles do not spontaneousty fiothe water column, a depth
termed “the compensation depth”. Fish may attemget below the compensation
depth to escape the effects of TDG supersaturafioe.Crooked River has few pools
>5 m depth. When sampling at this depth was naeaable, data were collected from
the deepest location accessible from the river b@fdier quality parameters and
barometric pressure were collected using a fulljprated dissolved gas meter (Model
TBO-DL6, Common Sensing Inc.). The probe was imexia the water and allowed
to stabilize for 15 minutes at each site beforesueaments were recorded. The TDG

data collected are summarized in Table 3.2.
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Table 3.2. Data Collected at each TDG sample site

CATEGORY PARAMETER

Weather Conditions
Climate Data Barometric Pressure
Start/End Time
Total Dissolved Gas Pressure (mm Hg)
Water Temperaturé )
Total Dissolved Nitrogen + Argon (% Saturation
Total Dissolved Oxygen (% Saturation)
Dissolved Oxygen (mg/L)
Comp Depth (ft)
Average Daily Discharge (cfs)
Average Daily Water temperatu

Water Quality Data

Hydromet Flow Data

Flow discharge data, for use in the regressionyarsaWith TDG levels, were
gueried from the USBOR Hydromet Station (PRVO) tedaat the base of Bowman
Dam (http://www.usbr.gov/pn-bin/arcread.pl?statiBRYvO).

Analysis

Total dissolved gas levels were regressed agausstdischarge, and the
correlation coefficient f) was used to determine the strength of the linglationship
between discharge (independent variable) and TD&urements (response variable)
(Ramsey and Schafer 2002). Total dissolved gasvdatta evaluated independently at
each location to examine the differences in TD&Iewamong locations and to
determine the dissipation rate of dissolved gakagyadhe length of the sampled area.
Finally, flow data from the time period immediatg@seceding the 1989 and 2006
ODFW fish surveys were compared to the saturatismecestablished with this
current work in order to determine whether thetreteship between discharge from
Bowman Dam and gas saturation levels can be usexptain the incidence of GBD
that ODFW observed during those time periods.
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RESULTS

A strong positive relationship exists between rigischarge and TDG levels
below the Bowman Dam stilling basirf & 0.93, p-value < 0.0001)(Site 1, Figure
3.2). When river flow exceeds 600cfs, the TDG Iswlrpass the USEPA and ODEQ
standard of 110% not only at the stilling basin &sifar downstream as TDG site 5
which is 12 rkm downstream from Bowman Dam (FigBu®). At site 1, when river
flow exceeds 1000 cfs, TDG levels exceed 115% aatur and when flows reach
1200 cfs, the TDG levels exceed 120% saturatibissolved gasses dissipate as
water moves downstream (Figure 3.3, Figure 3.4pbowve 600cfs, TDG saturation
remains above 110% as far as site 5. Reduced veddase during warmer months
results in river TDG values within ODEQ standardseptable TDG levels (<110%)
at the stilling basin, but gas loading in the wat@umn increases towards Stearns
diversion. This gas loading below the stilling lmaisi probably due to higher water
temperatures and primary productivity associatetl aligae and other biological

activity in the river.
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Total Dissolved Gas Levels
Crooked River below Bowman Dam
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Figure 3.2. Total dissolved gas levels at TDG S$itecated below Bowman Dam on
the Crooked River, OR. The grey line shows the USBRd ODEQ mandated
maximum TDG level of 110%.
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Figure 3.3. TDG sampling results from all 6 sifEise dashed line in each panel,

drawn at 110% saturation marks the USEPA and ODBQdated maximum TDG
level and shows that at high flows (>1700cfs) tiEGTlevels exceed 110% as far as
20km downstream from Bowman Dam.

Flows in excess of 600cfs are common during spumgff events below

Bowman Dam (Figure 3.4). From 1989-2009, flows exiesl 600 cfs in 13 of the 21

years and 1000 cfs in 10 of the 21 years. Thegugatlation-level effects of high

flows and supersaturated waters on redband traltreountain whitefish is difficult to

guantify, but based on the hydrograph and the atdur curve, we can predict the
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years when fish were at risk for gas bubble dise@sen the strong linear

relationship between TDG and stream average dahdrge (= 0.93) discharge
itself can be used as a predictive tool for asegsEDG levels in the river. Based on
the flow data from the USBOR gauging station arelgas saturation curve for the
wild and scenic section of the Crooked River getegrdere, we can predict that gas
bubble disease was probably present in fish in 19893, 1996, 1997, 1998, 1999,
2000, 2004 and 2006.

4000 - Crooked River Flows 1989-2009
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Figure 3.4. Daily average flows from Bowman Dammirta989-2009. The grey line is
drawn at 600cfs. Peaks above this line showingithes during which the TDG levels
probably exceeded 110% saturation, indicating titergial for GBD to occur. The
black line corresponds to a discharge of 1000afsveiy the years when the TDG
levels potentially exceeded 120% saturation.

DISCUSSION
In April 1989, ODFW sampled fish in 8 km of thedBked River from

Bowman Dam downstream to Lower Palisades campgrflin® Site 4). During this
sampling event, ODFW estimated that 80-85% of @ redband trout captured
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showed signs of GBD. They also noted signs of GBBhountain whitefish but did

not quantify the frequency of GBD occurrence in mtain whitefish. The average
stream discharge was greater than 1000cfs for thare40 days prior to this

sampling event. In April 2006, ODFW captured 38oaad trout and 37 mountain
whitefish and noted signs of GBD in 56% of the raulih trout and 47% of the
mountain whitefish. Prior to the 2006 sampling dyé#re discharge exceeded 2000cfs
for 17 consecutive days. In addition to these GBBnés documented by ODFW and
correlated with high flow events, based on the Té&a@ration curve generated from
the current work, gas bubble disease was mosyl&lsent in fish not only in 1989
and 2006 but in 1993, 1996, 1997, 1998, 1999, 20002004 as well.

Trying to predict the population level impacts esguper-saturation and GBD
is difficult for several reasons. It is possiblattinany fish succumbed to the effects of
gas bubble disease prior to the 1989 and 2006 wuaducted by ODFW. It is also
possible that signs of GDB disease were overlotlesduse diagnosing GBD can be
difficult (Mesa et al. 2000). This would resultan incidence of GBD higher than that
observed by ODFW. Despite all of the research BD Gpecific methods to describe
the severity or development of gas bubbles fonindial fish are lacking (Mesa et al.
2000). Another major obstacle to understanding GBD its effects on fish is that
most descriptions of the symptoms and progresdi@D® in the literature are based
on dead fish (Mesa et al. 2000) and the majoritthhefGBD research has been
conducted in hatchery or laboratory settings. Latmyy studies have been designed
primarily to determine acute tolerance to GBD vd#ath being the end point
(Nebeker et al. 1976). Application of laboratorgukts to conditions faced in river
systems (Weitkamp and Katz 1980) remains a chadlémgfisheries managers, but
understanding and documenting gas bubble disedshes is a challenging and
important endeavor. Gas bubble disease is notvgpngblem rather it has been
recognized as a problem in fishes since the mi@0’s5Marking 1987). A century
has passed since Gorham (1901) first documented iBEBEhes and even though

numerous studies have tried to document the sigtipeogression of GBD, many
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guestions still remain. GBD research efforts neeaddress impacts of supersaturated

water on all life stages of salmonids, to conseféects on non-salmonid species, to
consider the effects on macroinvertebrates, amavstigate the long-term effects of
exposure to supersaturated water need to be stuichedvater quality criterion for
total dissolved gases was set based on very felispel studies, and did not
extensively evaluate impacts of TDG at variousdti@ges. In addition, the present
water quality criterion for gas supersaturationas adequate for fish that are
subjected to chronic exposures to gas-supersatiwnatter (Colt et al. 1986). More
thought needs to be directed towards monitoring ED@ersaturation and of the
effects of GBD on fishes in the Crooked River. Dlgsd gas supersaturation in
excess of federal and state water quality standamhenonly occurs below Bowman
Dam in the Crooked River and below other dams ftjinout the state (Ostrand and
Gasvoda 2007) leading to the question: why havedsials if monitoring and

remedial action are not occurring?
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CHAPTER 4. POPULATION CHARACTERISTICS OF REDBAND
TROUT AND MOUNTAIN WHITEFISH IN THE CROOKED
RIVER, OR

INTRODUCTION

The Crooked River, located in central Oregon, esléngest tributary of the
Deschutes River and encompasses a watershed oikapptely 14,000 kih(Stuart et
al. 2007). Just south of Prineville, OR, the Crabkaver flows into Prineville
Reservoir and is discharged through Arthur R. Bowmam (herein referred to as
Bowman Dam). Flows discharged from Bowman Dam egellated by the US Bureau
of Reclamation (BOR) and operations are managetdpchoco Irrigation District
(OID). Bowman Dam was constructed and is managiedgpity for irrigation
purposes, flood control and water storage. The lnyoetic discharge of water from
Prineville Reservoir has created a productive redlieout tailrace fishery due a
constant supply of cold water to the river.

Between 1996 and 2007, the Oregon Department bfdrid Wildlife
(ODFW) documented a precipitous decline in redktamat (Oncor hynchus mykiss)
abundance in the Wild and Scenic section of thekd River below Bowman Dam.
In addition to redband trout the Crooked River hiasorically also supported runs of
anadromous summer steelhe@udorhynchus mykiss) and spring Chinook salmon
(Oncorhynchus tshawytscha) (Nehlsen 1995). Anadromous fish were extirpatechf
the Crooked River and resident fish populationsaWergmented during the
construction of the Pelton-Round Butte dam coml&64), which created Lake
Billy Chinook, and Bowman Dam (1961), which creaRxtheville Reservoir (Stuart
et al. 2007). Since 1989, ODFW has conducted exessirveys throughout the
Crooked River basin and reported the greatest angosdof redband trout in the 20
kilometer (km) stretch of river below Bowman Dantiuy@t et al. 2007). Stuart et al.
(2007) also reported that the majority of the trdries and much of the mainstem
Crooked River below the first 20 km after Bowmambare too warm to support

strong redband trout populations. Based on thetse the section of the Crooked
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River located below Bowman Dam may be vital tofikeseverance of the redband

population in the Crooked River basin.

Several hypotheses may explain the decline in redib@ut below Bowman
Dam, with the leading hypothesis being that intateh variability in river flow
conditions are limiting the production and surviearedband trout. This hypothesis is
based on the premise that seasonal flow manageandntariable discharges from
Bowman Dam can have both positive and negative ¢tspan the redband trout
population density, and therefore the overall papoh size. OFDW has conducted
population estimate surveys on redband trout in-Bh&m section of river below
Bowman Dam (the “index section”) since 1989, altifiothese data are not continuous
as the survey was not conducted in some years|®mpuestimates indicate that the
redband trout population has declined in abundariereas the mountain whitefish
(Prosopium williamsoni) population in the same section of river has iasesl;
however, ODFW has not specifically quantified therease in mountain whitefish. To
better understand the population characteristid®ti redband trout and mountain

whitefish and to determine if population structigeelated to river flows we:

1) Expanded upon ODFW'’s population estimate surteysldress the following
guestions: (1) are the redband trout populatiomesés generated in the index section
representative of the Wild and Scenic section &hdvhat is the estimated population
size for mountain whitefish. To address these guestve had two objectives:

1.1 Sample a second reach downstream of the iret#pos in order to

examine relative abundances for redband trout amehitain whitefish

downstream of Bowman Dam.

1.2 Expand upon ODFW'’s population surveys to edenttze mountain

whitefish population size

2) Evaluated whether the redband trout populatinrctire is related to river flows.

We addressed this topic with the following thregeotives:
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2.1 Determine if the redband trout size structuifersd from year to year

2.2 Document how river flow varies from year to Iyea
2.3 Examine if patterns exist between redband et structure and river

flows

METHODS

1) Population estimates

One of our objectives was to assess whether redibamidpopulation densities
were similar downstream of the regularly monitoiredex section. Therefore, in 2008
and 2009, a second reach, located 3 km downstré#ime sxdex section, was also
sampled. Because the reports of increases in tlumtain whitefish population size,
which occurred over the same period as the deilitiee redband trout population,
were anecdotal, in 2007 we expanded ODFW'’s redbraxl mark-recapture survey
to include mark-recapture of mountain whitefish.

Fish were collected in both sections of the rive@ng a drift-boat mounted
electroshocker. The index section starts 0.5kmvb&owman Dam and was
approximately 3.5km in length. The second sectieferred to as the lower section,
was 2km in length. Over a five day period, fish &veollected, marked, examined for
previous marks, and biological data were colledteduding species and total length.
A subsample of fish was weighed. Redband troutraadntain whitefish were marked
with a caudal fin punch or a floy tag and releasétin the same reach from which
they were sampled. Due to the large number of nesinthitefish present, sampling
whitefish for the entire length of each section waspossible. Whitefish were
collected for the first kilometer of each sectiBopulation estimates were generated
using the Schnabel mark-and-recapture-estimat@k@Ril975). From 1996 to 2007,
the index section was not sampled equally in eaeln gwing to personnel availability
and inconsistencies with regard to boat accesgreftre, to compare my estimates
with previous estimates of abundance, populatidmeses are reported in fish per

kilometer.
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2) Relationship between redband trout size structure and river flows
Overview of Ordination Analysis

Ordination was used to achieve the objectives tdrdaning if the redband
trout population structure is related to river flowOrdination was chosen because
both the redband trout population structure andrér@bles used to describe flow are
multivariate in nature and correlation among popaitastructure variables and among
flow variables is likely. These characteristicader commonly used tools, such as
multiple regression, inappropriate. First, we wl#iscribe the treatment of the
population structure data, followed by a descriptd the flow variable data. We will
then describe the ordination techniques used &rméate if size structure is related to

river flow.

Data Structurefor Multivariate Analysis
Size Structure (Main) Matrix

To examine the differences in redband trout siagctire from year to year, a
size structure matrix was created with individuadrs (11 years) as the rows and size
classes (4) as the columns: 200-249mm, 250-300r@6:339mm and 350+mm. The
contents of the matrix were the number of fish gegd in each size class in each year.
The redband trout total length (mm) data were hmakéo size classes that
approximate age-classes determined by scale anélyeble 4.1). Scale data collected
from a subset of fish in 1993, 1998 and 2008 wasl tis determine the age structure
from the length data (DeVries and Frie 1996). Dumtonsistent sampling effort
among sampling crews and across years, the usevadlsundance data was
inappropriate. Therefore, the size structure matas relativized by row totals to
examine proportions of fish in each length categaptured in a given year rather
than absolute abundances of fish. ODFW did noecbfish less than 200mm for
several years of the study so the smaller sizesetasf fish were not included in the

matrix.
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Table 4.1. Summary of the age data collected ir8192998, 2008 used to estimate
length-at-age data for size classes.

Combined Scale Data For Size Structure Matrix
Scale Data from 1993, 1998, 2008

Age n Mean (mm)| Min (mm Max (mm Length Bin
Not included in

Age 1| 118 112 81 160 analysis

Age 2| 211 191 129 274 200-249

Age 3| 74 254 181 354 250-300

Age 4| 11 308 266 360 300-349

Age5| 2 388 375 400 350+

Environmental Flow (Second) Matrix:

The Bureau of Reclamation operates a Hydromet hygimmonitoring
station at the base of Bowman Dam. The Hydromébstaecords daily stream flow
discharges from Bowman Dam and reports dischargeida&ubic feet per second
(cfs). The flow matrix was generated by queryingctarge data from the BOR
Hydromet website (http://www.usbr.gov/pn-bin/aragd?station=PRVO). Daily
discharge data from the Hydromet station were sumzethby annual and monthly
minimum, annual and monthly maximum, and annualrandthly average flows,
which resulted in 39 flow variables (12 months X®v variables + annual min, max
and average flows). For the cluster analysis (sé@A), we included flow data
starting in 1989 and continuing through 2009, bsedhe four-year-old redband trout
sampled in 1993 would have experienced varying towditions since 1989. For all
additional analyses, the flow matrix consisted bsample units (11 years) to match
the size structure matrix. The raw flow data sah®.6 orders of magnitude so the
flow matrix was log transformed (lggfx+1)) prior to analysis.

An outlier analysis was performed on both matriegiag the requirement of a
standard deviation less than 2. For the speciesxnd994 was identified as an
outlier. A single outlier can have an effect on tlefficient resulting in strong
relationships that are not related to the bulkefdata (McCune and Grace 2002) so
the 1994 data were removed from the size struchateix.
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Ordination techniques

We used cluster analysis (Post and Shepard 196hani1969) and
multivariate ordination using non-metric multidinsgonal scaling (NMS) (Kruskal
1964, Mather 1976) to evaluate the relationshipaéen redband trout size classes
and flow variables from year to year, and to exanany relationships between
redband trout size classes and flow variablesguB{@-ORD version 6.158 (McCune
and Mefford 2010).

Agglomerative hierarchal cluster analyses usingeSsan (Bray-Curtis)
distance and flexible bedi € -0.25) linkage function was applied to arrarge ftow
years and size structure years into cluster grdelpgible beta witlp = -0.25 is a
space-conserving method that avoids distortionl@adss to minimal chaining
(McCune and Grace 2002).

To determine if a relationship exists between redl@out size structure (main
matrix of the ordination) and river flows (secondtnx), we performed an ordination
of the size structure matrix using Sgrensen distameasure (Mather 1976).
Ordination is used to identify and describe pagemmultidimensional data that are
difficult to graph or visualize. Non-metric multidensional scaling calculations are
based om x n distance matrix calculated from thex p-dimensional data matrix
wheren is the number of rows arglis the number of columns (McCune and Grace
2002). Random starting configurations were usedhfemNMS with 250 runs for the
real data and a Monte Carlo test was performedyuzm randomized runs of the data
to test the significance of the axes identifiedhy NMS ordination. The final
dimensionality was chosen by examining scree p@otsselecting the dimensionality
which provided the greatest reduction in stresh e fewest number of axes.
Sgrensen distance measure was used becausens itasitivity with heterogeneous
data sets (McCune and Grace 2002). Correlationgdest the species size structure
ordination and flow matrix ordination were assessgidg joint plot overlays. The
strength of the relationship between size strucameeflow variables were assessed

using correlation coefficients.
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RESULTS

1) Population estimates

The redband trout population density varied quitessantially from year to
year, with a peak of 5000 redband trout estimatetPP4 and a low of 400 estimated
in 2006 (Figure 4.1, Table 4.2). A large increasthe number of redband trout per
km occurred between 1993 and 1994, indicatingtti@tiensity of fish can increase
substantially in one year. Although populationveys were not conducted from 1996
to 2000, the decline in density from 1994 to 20ppears to be more gradual than the
increase in density observed from 1993 to 1994s irtierpretation, however, includes
many years with no data and should therefore lagettecautiously. Generally,
redband trout population density since 2006 appedns increasing, but the large
error associated with the estimates in 2007 an@ 2fdike it difficult to determine
whether an increase in density is occurring or Ywaetlensity has just been variable at

lower levels in the past 4 years.

Redband Trout Population Estimate

7000 -
6000
5000
4000
3000
2000
1000

Redband trout per Kilometer

Figure 4.1. Redband trout population estimates rgg¢@@ from mark-recapture surveys
conducted by ODFW for the index section of the @embRiver located below
Bowman Dam. Error bars represent 95% confidenezvats.
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By expanding ODFW'’s sampling in 2007 to include t&fish, we observed
changes in the density of both redband trout andntaan whitefish. In the index
section the redband trout density was estimated at appabeiyn 600 fish per
kilometer in 2007 and 2008, whereas the mountaiitefibh density decreased
dramatically from more than 4,000 fish per kilommete2007 to 2,000 fish per
kilometer in 2008 (Figure 4.2, Table 4.2). From 200 2009, the redband trout
population density increased threefold, to appraxety 1700 fish per kilometer,
whereas the mountain whitefish population estindédenot appear to change between
2008 and 20009.

In 2008, the downstream survey section was estartatbold fewer than 300
redband trout per kilometer, while the mountaintetsh population estimate was
2,000 fish per kilometer. Redband trout densitiethe downstream section were
similar in 2009. The mountain whitefish density fbe downstream section in 2009
was two times higher than the index section. Logapture rates in 2009 in the
downstream section (3 recaptures per species)asedethe confidence intervals

surrounding the 2009 estimates.
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Population estimates for two sections of
the Crooked River

B Redband 0O Whitefish

7000
< 6000
5000

4000 -
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“ .

2007 2008 2008 2009 2009
Index Index Lower Index Lower

Estimated fish pe

Figure 4.2. Population estimates for redband tamat mountain whitefish in the index
and downstream sections of the Crooked River. rEaos respresent 95% confidence
intervals.The upper errror bar was not includedfier2009 lower section mountain
whitefish estimate because it extends off the gralie upper point for the error bar
for 2009 in the lower section was 26,624.
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Table 4.2. Population estimates and 95% confiderteevals of redband trout and
mountain whitefish in two sections of the CrookaddR below Bowman Dam.

Crooked River Population Estimates per Kilometer
Redband Trout Mountain Whitefish

Index Site | Estimate 95% CI Estimate 95% ClI

1993 1422 1059 - 2013

1994 5111 4255 - 6258

1995 3788 3263 - 4517

2001 2493 2220 - 3693

2003 1003 627 - 1609

2006 398 230 - 675

2007 674 381 -1493 4381 3186 - 64272

2008 574 375 - 877 2133 1763 - 3062

2009 1673 1178 - 2570 2352 1519 - 3628
Lower Site

2008 257 109 - 606 2242 1398 - 3592

2009 392 38 - 969 4662 1912 - 26624

*2009 Lower Site data estimates for both specie®wased on 3 recaptures.

2) Size structure, river flows & comparisons
2.1 Doestheredband trout size structurevary from year to year?

The redband trout population size varies from yearear but we are also
interested in knowing how the size structure varldé® results from the cluster
analysis of the size structure matrix showed faougs of years at 75% information
remaining and two groups of years at >50% remai(fingure 4.3). The first group
result (at 50% information remaining) are years wglhe size structure was
dominated by the 200-249mm size class (age-2)raidde the years 1993, 1994,
1995, 1998, 2006 and 2007 (Figure 4.3, Figure AMithin the top groups in the
dendrogram, 1994 joins the cluster at a great¢aue than the other years and based
on the size frequency data, in 1994 more size 2w were captured as compared
to all other years of this study. The years 199®62and 2007 grouped with 1994,
1995 and 1998 when >50% of the information remaanadi although these 6 years

were similar for the 200-249mm size group thesesyddfered in the proportions of
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large fish captured. In 1994, 1995 and 1998 thdlestgroportions of 350+mm fish

were captured. Conversely, in 1996, 1997, 200132P008 and 2009, fewer than
50% of the captured fish were in the 200-249mmtleiggoup. These yeas were

dominated by larger size classes of fish.

Cluster Results Species Matrix

Distance (Objective Function)
5.7E-04 5E-02 9.9E-02 1.5E-01 2E-01

Information Remaining (%)
100 . 75 . 50 . 25 . 0

Figure 4.3. Cluster analysis results in years aligimto 4 groups at 75% and 2 groups
at 50% information remaining. The length of thediets indicates the closeness in
size structure based on Sorensen distance measlitkeapercent of information
remaining. Distance is measured as Wishart’'s (186fctive function which
measures the information lost at each step inexiung}.
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Size Frequency of Redband Trout >200mm
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Figure 4.4. Redband trout size frequency expreasedproportion of the total fish
lengths recorded per year. ODFW did not condutets in 1999, 2000, 2002, 2004
or 2005.

The NMS ordination of the size structure matrixuteed in a stable ordination
after 63 iterations, yielding a final stress of’24, p-value = 0.004 and instability of
0.00000 for a two-dimensional solution (Figure 45)oint plot overlay of the size
categories on the NMS ordination of the speciesimadveals that axis one is a
gradient of 200-249mm (age-2) on the left to 3008 (age-4) fish on the right.
Axis one accounts for 83% of the variation in tlag¢ed Axis 2 accounts for 16% of the
variation in the size structure data and revegsadient of large fish (age-5) to
medium sized fish (age-3). Together, the first tes explain 99% variance in the

size structure data.
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Species/Size Matrix NMS Results
250-299
98 199!
A A
5 200-249 300-349

1993

A
2006 2007
A A
v 350+ Axis 1

Figure 4.5. The two-dimensional ordination of ydarsize structure space. Axis one
is strongly correlated {= 0.83) with 200-250mm fish on the left and 30®¥n fish
on the right. Axis two (r= 0.16) is a gradient of large fish (350+mm) todinen sized
fish (250-299mm). Size classes are displayed amaglot: the angles and length of
the radiating lines indicate the directions andrggth of the relationship of the size
class with the ordination scores. Circles showgitoeip results from the cluster
analysis at 50% information remaining (1994 wasinduded in the ordination).

2.2 Areriver discharges from Bowman Dam similar from year to year?

The cluster analysis results for the flow mathows that several years cluster
together at >70% information remaining (Figure 418)e years 1990, 1991, 1992,
1994, 2001, 2002, 2003 are considered to be drowggits and are characterized by
low annual average discharge and low monthly digghéFigure 4.7: light grey lines).
The drought years join the remaining years at selwf the cluster showing that the
drought years are distant from the wet years. Hagg/1989 and 1993 are
characterized by high flows and very low wintemffo(Figure 4.7: black lines). The
remaining years are characterized by moderate flowrse spring and higher than

average flows in the winter.
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Cluster Results Flow Matrix 1989-2009

Distance (Objective Function)

7.7E-05 ) 9.8E-03 ) 2E-02 ) 2.9E-02 ) 3.9E-02
Information Remaining (%6)
100 ) 75 ) 50 ) 25 ) 0

Figure 4.6. Cluster dendrogram showing groups afyeased on flow data. The
years align into 3 at 50% information remainingeTéngth of the brackets indicates
the closeness in flow variables based on Sorenstande measure and the percent of
information remaining. Distance is measured as Wfish(1969) objective function
which measures the information lost at each stetustering.
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Figure 4.7. Annual flow regimes separated into3lggoups identified by the cluster
analysis at 50% information remaining. The blac&rge1989 and 1993 are
characterized by high spring flows and low winteifs. The low flow “drought”
years are shown in light grey (1990, 1991, 1992412001, 2002, 2003). The
remaining years (dark grey) are characterized bgaraie flows in the spring and
higher than average flows in the winter.
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The NMS ordination of the flow matrix resulted istable ordination after 32

iterations, yielding a final stress of 8.48yalue = 0.004 and an instability of 0.00000
for a two-dimensional solution (Figure 4.8). Awise accounts for 77% of the
variation in the flow data and reveals a gradiemtfthe low water ‘drought’ years to
high water ‘wet’ years. Axis two accounts for 18%itee variation in the flow data
and represents a gradient from low winter flowg @b axis 2) to high winter flows
(bottom of axis 2). Together, the two axes exp8hfio of the variance in the data. A
joint plot overlay (f cutoff = 0.6) of the flow variables on the flondimation revealed
many correlations between the wet years locatett@mnight side of axis one and

spring flow variables.
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Figure 4.8. Two-dimensional NMS ordination of yeerdlow space with a joint plot
overlay (f cutoff= 0.6) of specific flow variables that cdbtite to each axis in the
NMS ordination. The colored circles show the 3 gotrom the cluster analysis.



63
3.3 Do patterns exist between redband trout size structure and river flows?

A joint plot overlay of the flow matrix onto thedination of years in size
structure space shows that years dominated by 2062 fish are also dominated by
high March and high April flows (Figure 4.9, Figutel0). Likewise, the years
dominated by 300-349mm fish are dominated by lowdand low April flows.
Average and maximum March flows and average Afpw$ are negatively correlated
to axis one fr=-0.6, -0.5 and -0.5 respectively). The uppetiporof axis two
contains the years with high proportions of 250+860fish and these years that have
the highest flows in November and December (Figui®). The minimum flows in
November and December are correlated to axis thwe @t6 and 0.5 respectively).
The vector representing yearly minimum flow is dtyueorrelated to axis one and
axis two (f = 0.4) (Figure 4.11).

Species/Size Matrix Overlayed with Flow Variables
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Figure 4.9. Joint plot overlay of the flow variablen the size strucuture ordination
(Figure 4.5). The left side of axis one are yeaith the highest flows recorded in
March and April. The top of axis two is years witigh flows in December and
November.
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Size Structure NMS Results Overlayed Flow Matrix
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Figure 4.10. Two scatter plots (top left and bottaght graphs) of March maximum
flows in relation to both axes from the NMS ordinat(graph upper right). Each point
in the scatterplots represents a year. Upper iggifie 2-D NMS ordination of size
structure. March maximum flow is not correlatedatds two (f = 0.005) but is
correlated to axis one?(x 0.6).
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Size Structure NMS Results Overlayed Flow Matrix
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Figure 4.11. Two scatterplots (top left and bottaght graphs) of December
minimum flows in relation to both axes from the NM®&lination (graph upper right).
Each point in the scatterplots represents a y@acember minimum flow is not
correlated to axis one?(r 0.004) but is correlated to axis tw6 £0.6).
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Size Structure NMS Results Overlayed Flow Matrix
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Figure 4.12. Two scatterplots of yearly minimumaffo(top left and bottom right
graphs) in relation to both axis from the NMS ogedian (graph upper right). Each
point in the scatterplot represents a year. Syrsizel is proportional to the measure of
log flow. Upper right is the 2-D NMS ordination size structure. Yearly minimum
flow is equally correlated to axis one and axis {vic= 0.4).

DISCUSSION

The redband trout population density varied consaiolg from year to year,
with a peak observed in 1994 and the lowest pdiseoved in 2006. Generally,
redband trout population density appears to haee bereasing since 2006, but the
large error associated with the estimates in 20072009 make it difficult to
determine whether an increase in density is oaogiior whether density has just been

variable at lower levels in the past 4 years.
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The downstream section of the Crooked River belowman Dam has lower

densities of redband trout and similar or highersitees of mountain whitefish than
the index section during the two years that we mooed the downstream section.
Based on these data, it would be inappropriateséctiie population estimate
generated for the index section to predict redliemd densities in other sections of
the Crooked River. These results are concordait @2FW staff and Crooked River
angler observations that note that the relativendboce of redband trout seems to
decrease in downstream locations.

One interesting finding was that in the index smtin 2007, the mountain
whitefish density was estimated to be 7 times gretan the redband trout
population, in 2008 the mountain whitefish densis estimated to be 4 times greater
than the redband trout population, but in 2009 nie&intain whitefish density was
only marginally higher than the redband trout pagioh. In the three years of this
study, there appears to be a shift in the relaiuendance of redband trout and
mountain whitefish directly below Bowman Dam. Tleduction in the mountain
whitefish population density in the index sectiooni 2007 to 2008 was not expected
based on angler accounts of the increase in mauwaiefish population densities.
The winter flows were very low in the Crooked Rigerring the winter of 2007 and
2008 possibly contributing to the reduction in theuntain whitefish density.

Based on comparisons of the NMS ordinations of simecture and flow
matrix, patterns exist between redband trout dizetire in certain years and specific
flow variables. The ordination revealed that yourfggh dominated in years with high
spring flows. Why might this be? Are high flowsshing out the larger fish? Are the
total dissolved gases (Chapter 3) resulting in alivytof the larger fish? The
ordination also showed that the largest two siassgs dominated either when winter
flows were high or when spring flows were low. Dgher winter flows and lower
spring flows confer better survival of redband trand that is why we see higher
proportions of larger fish? Or does habitat becohneising at low flow levels and

only large fish can hold territories?
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It is important for ODFW to continue to conductuésy and consistent

monitoring of the fish populations below Bowman D&ampling smaller fish
(<200mm) would provide a more accurate understandirthe entire population.
Ideally, sampling efforts should be expanded to@iporate the number of recruits
and/ or age-1 fish each year. If recruitment caeremerated, and ODFW can
continue to conduct annual surveys, cohorts coelttdcked through time to
understand survival and examine what factors atenpially limiting survival in a

given year.
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CHAPTER S

GENERAL CONCLUSION

This project had two main goals: (1) identify pdtehfactors contributing to
the observed reduction of the redband trout pojauiah the Crooked River fishery
and (2) provide management recommendations td #llecagencies responsible for
managing the Crooked River that might effect a glean the redband trout
population trend.

Based on the results from the 2-year telemetryystiediband trout and
mountain whitefish population exhibit a residefd history strategy and stay in the
Wild and Scenic Section of the Crooked River beBawman Dam. ODFW
conducted extensive surveys in 1989 throughouCtloeked River basin and reported
the greatest abundance of redband trout in thev20 kilometer (rkm) stretch of river
below Bowman Dam (Stuart et al. 2007). Stuart et24l07) also reported that the
majority of the tributary streams and mainstem ReabRiver below Bowman Dam
are too warm to support healthy redband trout pdmrs. The results of ODFW'’s
surveys and this telemetry study support the needanage the Crooked River below
Bowman Dam to continue to support redband trouufadmns. Based on the existing
data, the Crooked River below Bowman Dam may ks tatthe perseverance of the
redband population in the Crooked River basin.

Prior to this study, limited data existed on th&tribution and movement
patterns of redband trout and mountain whitefisthenCrooked River below Bowman
Dam. Two potential explanations for the populatietline were plausible: one
potential explanation is that the population dexlivas due to mortality, and another
possible explanation is that fish were moving tfoeotsections of the Crooked River
downstream of Bowman Dam. The telemetery study skawat redband trout and
mountain whitefish stay within this section of nivéhereby providing evidence
against the explanation that the apparent populagzline was a result of movement

of fish to other sections of river.
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The total dissolved gas study demonstrated thasgasation has the potential

to cause gas bubble disease in the Crooked Riv@wli@owman Dam. The gas
saturation in the Crooked River is equivalent ghleir than levels shown to produce
GBD in fishes. When flows exceed 600 cfs, the tdissolved gas saturation exceeds
the maximum mandated level of 110% gas saturatidhd Crooked River. Flows in
excess of 600cfs are common during spring runadhessbelow Bowman Dam. From
1989-2009, flows exceeded 600 cfs in 13 of theedryand 1000 cfs in 10 of the 21
years. The past population-level effects of higlw and supersaturated waters on
redband trout and mountain whitefish are diffi¢olguantify, but based on the
hydrograph and the saturation curve, the years \yhsrbubble disease might have
been present in fish can be predicted. Given tlemgtinear relationship between
TDG and stream average daily dischar§e=(0.93), discharge itself can be used as a
predictive tool for assessing TDG levels in therivBased on the flow data from the
USBOR gauging station and the gas saturation donthe wild and scenic section of
the Crooked River generated here, gas bubble diseas probably present in fish in
1989, 1993, 1996, 1997, 1998, 1999, 2000, 20042804.

Gas bubble disease is not a new problem; ratlesibeen recognized as a
problem in fishes since the mid- 1600’s (Markin1R A century has passed since
Gorham (1901) first documented GBD in fishes anehethough numerous studies
have tried to document the signs and progressi@Bi, many questions still remain
unanswered. GBD research efforts need to addrgsscisof supersaturated water on
all life stages of salmonids, to consider effectsnon-salmonid species, to consider
the effects on macroinvertebrates, and to investitiee long-term effects of exposure
to supersaturated water need to be studied. Morgytit needs to be directed towards
monitoring TDG supersaturation and towards deteingithe effects of GBD on
fishes in the Crooked River. Dissolved gas superatibn in excess of federal and
state water quality standards commonly occurs b&8owman Dam in the Crooked
River and below other dams throughout the statér§@d and Gasvoda 2007) leading

to the question: why have standards if monitorind enforcement are not occurring?
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The redband trout population density varied consiolg from year to year,

with a peak observed in 1994 and the lowest pdiseoved in 2006. A large increase
in the number of redband trout per km occurred betw1993 and 1994, indicating
that the density of fish can increase substantiallyne year. The decline in redband
trout density from 1994 to 2006 appears to be mgardual than the increase in
density observed from 1993 to 1994. Since 2006tdtband trout population density
appears to be increasing.

One interesting finding was that in the index smcitn 2007, the mountain
whitefish density was estimated to be 7 times gretan the redband trout
population, in 2008 the mountain whitefish dengigs estimated to be 4 times greater
than the redband trout population, but in 2009 nie&intain whitefish density was
only marginally higher than the redband trout pagioh. In the three years of this
study, there appears to be a shift in the relaiuendance of redband trout and
mountain whitefish directly below Bowman Dam. Tleduction in the mountain
whitefish population density in the index sectiooni 2007 to 2008 was not expected
based on angler accounts of the increase in maoumaiefish population densities.
The survey of the lower section revealed that #hative abundance of redband trout
was lower relative to the upper section. This sstgjthat the index reach is not a
good indicator of total density of redband troubther sections of the river.

This result of the telemetry study allowed me tarame the river conditions
in the years were the population showed a markelingeto gain a better
understanding of what factors contribute to théoeedl trout decline. We examined
how the population is changing not just in termalmfindance but relative to how the
size structure varies over time. We investigatéetiver patterns in size structure
across years are evident and determined whethessizcture patterns are related to
specific flow variables. Our results show that gedominated by 200-249mm (age-2)
fish are also dominated by high March and high Kjows. Likewise, the years
dominated by 300-349mm (age -4) fish are dominbieldw March and low April
flows. The years with high proportions of 250-30@0rtage-3) fish had the highest
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flows in November and December. Although correlaiare evident between the size

structure in a given year and specific flow vargahle cannot determine causal

mechanisms from this data.

Management recommendations

| recommend that ODFW continue to monitor the redb@out and mountain
whitefish populations in the Crooked River belowBoan Dam. Annual surveys
would allow for a better understanding of changethé population structure over
time. Ideally, enumerating the number of recruits.iyear would be a better way to
understand survival and population changes. Receut may be a difficult to
quantify in the Crooked River so perhaps a befferteat sampling age-1 fish would
be helpful addition to the annual sampling.

Management recommendations for flow releases fromrBan Dam include
pursuing dam modifications to fix the TDG problehine US Bureau of Reclamation
is currently researching dam modifications to redthe total dissolved gases below
Bowman Dam. Until a solution is implemented, TDGmtoring during high flows
coupled with fish surveys would better our underdilag of how fish in the Crooked

River respond to high levels of total dissolvedegas

Futureresearch ideas

We documented changes in size class structuretioe@ourse of the study.
An important future step is to consider if the attoiomass of fish in the Crooked
River below Bowman Dam had changed. Also, durimggopulation estimate
surveys in 2008 and 2009, hundreds of fish wengthigged and many of the floy tags
were recaptured the subsequent summer; thereimwtlgrates could also be

examined.
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