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Abstract

Steelhead populations support an economically wéduigshery in the Great Lakes
region. Development of the region, resulting indaise changes and the introduction of
hydropower, has affected the riverine habitat usedteelhead. | have developed an
individual-based model of steelhead in the Mani&er, Michigan that simulates the
long-term production of steelhead from the rivéhe model begins each year with a
spawning population that produces redds for that gad then follows the offspring
from each redd as individuals until they smolt dm&, or three years after spawning.
Simulations run for ten-year periods. The simulatelividuals are subjected to
mortality from predation, starvation, and temperatextremes. Predation is a length-
based mortality and is thereby affected by grow@nowth is determined by an
individual’'s foraging success and bioenergeticeonducted simulation experiments to
examine the effect of changes in spawning numbengperature, and flow regime, on
the number of individuals smolting in the river baear. Simulations reveal that the
current flow regime and colder water temperatureswost beneficial for steelhead
production and increasing the number of spawnees dot increase steelhead
production. The results also suggest that the gairthe-year (YOY) stages have the
greatest impact on steelhead production becausadhbel showed no indication that
steelhead life stages older than the YOY could camspte for density-related losses that

occurred during the first year.
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LONG-TERM EFFECTS OF HABITAT AND
MANAGEMENT CHANGES ON STEELHEAD
PRODUCTION: RESULTS FROM AN INDIVIDUAL-BASED
MODEL

Introduction

Fish are exploited around the globe for their iginal and economic value.
Unfortunately, natural and anthropogenic factorgehaeated unsuitable environments
where fish populations can no longer thrive. Asdlctual importance of fish and
fisheries for the economy has been recognizede th@s been a rise in resources devoted
to fisheries studies (Ormerod, 2003). Models Haaen developed to help explore
solutions to problems that laboratory and fielddgta cannot accomplish alone
(Swartzmann, 1987; DeAngelis et al., 1990; TyleR&se, 1994, Giske et al., 1998) and
are a practical way to determine how ecologicdidiscaffect different populations.
Individual-based models (IBMs) are unique in ttaility to examine some critical
guestions in the area of population dynamics (Hustaal., 1988; DeAngelis et al.,
1990). In this work, | developed an extensionrogaisting IBM for steelhead
populations in the Manistee River, Ml and used iintvestigate the effects of changes in
environmental factors and spawning population dexsson steelhead recruitment in the
Manistee River, Ml.

Steelhead®@ncor hyncus mykiss), from the Salmonidae family (commonly referred
to as the salmonids), were introduced into the Qrekes in 1876 (Thompson, 2004).
They are native to the Pacific Coast but have Ieersplanted to many different regions
in North America. The Great Lakes are one of #ggans that has benefited

economically from the introduction of salmonidsisiestimated that recreational fishing



for steelhead generates $1 billion annually (Jakuki999). Since their introduction,
steelhead have become the main catch in Michigaost fishery (Woldt & Rutherford,
2002) and many studies have focused on improvieduture of the steelhead
population. However, steelhead are not immunetaral or anthropogenic changes to
the environment. One of their first population ldezs came with the introduction of
hydroelectric dams on Lake Michigan tributaries (W& Rutherford, 2002).

In general, dams have severely altered river etesysby affecting water
temperature, flow regimes, sediment transport, mgration, and drift of aquatic
invertebrates (Babbitt, 2002; Poff & Hart, 2002; Mt& Rutherford, 2002; Horne et al.,
2004; Lytle & Poff, 2004). The adverse effectslams have led people to believe dam
removal will restore a river's ecosystem (Hartlet2002; Doyle et al., 2003), but the
potential dangers (e.g., sediment build-up, chahgésw and temperature regimes) of
removing and modifying dams have been questionddstardied by many (Babbitt,
2002; Osmundson et al., 2002; Horne et al., 200#}his study, my model simulates
changes to the environment that may result fromifiwations of dam operation and how
the steelhead population in the Manistee River reggond to such changes.
Specifically, dam operations can be altered tochffeater temperature and water
discharge levels and the simulation experiment®paed within this thesis focus on
these environmental changes.

Water temperature plays an important role in fisebecause it is linked to
growth, bioenergetic rates, food availability, dfdraging, movement, spawning time,
development, survival, recruitment, and mortal®yske et al., 1998; Van Winkel et al.,

1998; Railsback & Rose, 1999; Workman et al., 200)e location of the dam’s



withdrawal, top or bottom of the water column, calease water with varying
temperatures. The thermal regime of the resedaigrmines the water temperature that
will be discharged from the dam. If a thermocleests in the reservoir the river may
benefit from a temperature decrease associatedowitbm withdrawal, if no thermocline
exists the withdrawal location may not affect dotsesm temperatures (Horne et al.,
2004).

The flow of a river, much like temperature, careaffthe growth, development,
survival, recruitment, and mortality of fish (Peffal., 1997; Van Winkel et al., 1998;
Horne et al., 2004). Flow alters the depth andaig} of the river and the duration,
seasonal timing, frequency, and magnitude of difieflow events determine the extent
to which organisms will be affected (Poff et ab9¥; Hart et al., 2002; Covington &
Hubert, 2003; Lytle & Poff, 2004). Dams controktamount of water discharged from
the reservoir and can manage the downstream flomo major types of flow
management are employed by dam operators: peatuaraf-river. Peak flow
management periodically releases large amountatd@rwcreating an abnormal and
harsh environment for river occupants (Poff et297; Woldt & Rutherford, 2002).
Run-of-river management, on the other hand, alldwesvater to flow naturally (Poff &
Hart, 2002), creating a more suitable environmenafjuatic organisms.

Temperature and water discharge are two envirorah&dtors that can be altered
in the Manistee River since there are two damseniver. | focused my study on the
effects of Tippy Dam, the dam closest to the mattthe river. In 1998, the flow regime
of Tippy Dam was changed from peak to run-of-riflew (Woldt & Rutherford, 2002),

although it is still possible for dam operatorsrtake further modifications to the flow



regime. Tippy Dam is also a top-withdrawal dancr@asing downstream water
temperatures during the summer months (Horne ,e2G04).

Aside from temperature and discharge, my modeledgdores effects of stocking
densities of spawning females on smolt productmtiné Manistee River by altering the
number of spawning females. Even though thereaierally reproducing steelhead
populations in the Great Lakes, the steelheadrfysisesupplemented by annual stockings
that help maintain the population (Woldt & Ruthedo2002; Horne et al., 2004). The
number of individuals that are stocked in a rivem be critical to a population and to the
success of stocking. When stocking a river, dgrdgpendence may need to be taken
into consideration since density-dependence cattadfrowth rate, mortality, and
recruitment (Cowan et al., 2000). If survival aegroduction become limited by the
amount of resources in the environment, increasiagking populations will not increase
recruitment. This model examines how stocking thiedassociated density-dependence
may affect steelhead production.

The model presented in this thesis is an exterdditime young-of-the-year (YOY)
steelhead individual-based model constructed bgri&IRutherford in review). The
YOY steelhead IBM follows the steelhead life cyfde one year, from spawning until
the end of the growing season (Day 275, OctobeM).model is a multi-year model
that tracks the individuals from the end of thevgrng season (Day 275) until they reach
the appropriate size to smolt from the river. Tie& model runs for ten years simulating
individuals from spawning to smolting.

Steelhead can reside in their natal river for ufhtee years until they are ready to

migrate out of the river to join the adult popubati\Woldt & Rutherford, 2002; Myrick



& Cech, 2004). The three years steelhead can dpehd river is a substantial length of
time for a life stage when compared with its pregidife stages that can last from days to
months. The importance of the three year periowiexplored in the YOY steelhead
IBM. My new model may help determine the impor&o€ the post-YOY life stage in
the river.

The model simulates the area downstream of Tippy Bad subjects the
population to different factors that managementthasability to alter, such as changes in
water temperature, discharge rates, and spawnipglgtoon. With this model, | show
how specific management decisions may affect steelinecruitment by examining the
population’s weight, density, and number of smoltthe Manistee River over multiple

years.



Model Description

The individual-based model presented here (refdoed the ‘riverine steelhead
IBM’) focuses on the riverine stages of the steathkfe cycle from the end of the first
year growing season until the fish smolt and bégar migration to open water and
enter the adult population. This model is an esitamof the young-of-the-year (YOY)
steelhead model constructed by Tyler & Rutherfondgview) (referred to as the ‘YOY
steelhead IBM’) that encompasses the steelheadyldie from spawning until the end of
the first year growing season (Day 275, OctoberT2)e riverine steelhead IBM has
many similarities with the YOY steelhead IBM witlieav important exceptions. The
riverine steelhead IBM simulates individuals thedide in the river for multiple years
until they are ready to smolt. The need for threnine steelhead IBM arises from the fact
that steelhead spend from one to three years inw@eprior to smolting (Myrick &

Cech, 2004). A model that captures this periotheflife cycle will be able to simulate

the effect of environmental and management chaagesassess how such changes affect
the non-YOY, pre-smolt life stages of steelheady vbdel simulates multiple years and
tracks individuals as they live through multipleay® until they either perish or smolt.

The riverine steelhead IBM has two distinct compuasgthe model environment
and the steelhead population. The model envirohmengeneric representation of the
Manistee River where site-specific data were usegeherate the environment, but
simulated cells do not match exact locations orritrex. The steelhead population is
modeled after individuals from the Manistee Rived ghe Great Lakes region in general,
but further data had to be extrapolated from stigderformed in western or southern

rivers and laboratory experiments. In the rivesteelhead IBM, steelhead populations



experience realistic environmental conditions vailiered prey densities, actual field

water discharge levels, and the addition of agstéelhead populations.

Model Environment
The riverine steelhead IBM has the ability to shaw different environmental

factors affect the population from year to yean accomplish this, the model
environment is reset on the first day of every yeansure the current year will differ
from the previous one. The model environment &iagf 100 unique cells that alter the
development and life history of steelhead in theletoiver. Each cell has a set of
common and exclusive features. All of the cellarstthe same daily values for water
temperature, stream discharge, daylight hourspagyldensities. Exclusive features
such as cell dimensions (depth, width, distandegllsead feeding stations, and substrate
characteristics differ between cells and createc#iés individuality. Overall the model
environment in the riverine steelhead IBM diffatdd from that developed for the YOY
steelhead IBM. Here | summarize the model envireminand pay specific attention to

features that are unique to the riverine steeltiB&td

Features common to all cells
Water temperature and daylight hours are featinastio not change from the

YOY steelhead IBM to the riverine steelhead IBMemperature is based on data
collected at Tippy Dam from 1997-1998. A simulateelan temperature is calculated
everyday and model temperatures are subject tp deviations from the mean (Figure
1; See Tyler & Rutherfordif review) for detailed explanation on calculating deviasipn

Individuals are allowed to forage only during dgkiti hours (Tyler & Rutherfordn



review) which are calculated using 44.52 degrees lati{Bdeck, 1981), the location of
the Manistee River.

Prey densities in the riverine steelhead IBM follaiunction that was fit to data
from the Muskegon River, Michigan (Figure 2; RiséyViley, unpublished data,
University of Michigan, Jan. 25, 2006). The funatused to simulate prey densities
(equation 1), creates a temporal change in desgita rises in the spring and falls in the

late summer and autumn.

) 0.021 _ L 1
PD =00075+ ( 1+ exp{~ (day - 3205) /30)} EEl (1+ exp~ (day -1655) /15)D ()

Winter densities of drifting prey are low and thusiction assures that these densities do
not differ during the winter season. This featsreritical because model simulations last
multiple years and prey densities that show disoaities at the beginning and ending of
years may cause unreasonable results. This iarayelfrom the prey density function
used in the YOY steelhead IBM where discontinuaey plensities at the end of a year
were unimportant because the model ended in tharaut

The riverine steelhead IBM uses field data fordlseharge rates (Figure 3). On
the first day of a new year one of the 9-year ddibgharge data sets (1990-1998) is
randomly selected to be the daily discharge raiethht year (data from the USGS).
Using field data can provide an accurate repretientaf the actual environment
encountered in the Manistee River. | used thishdisge approach in the riverine
steelhead IBM to assure that discharge rates rabboreflect the environment in the

Manistee River.



Features varying among cells
Every cell has a set of features that are detewhim#ependently from other cells.

Width, depth, distance, and water velocity all derelative to the water discharge
(m®-sY) from Tippy Dam. Using data from two transectsnflFIM study on the
Manistee River (Ichthyological Associates, 1990%lationship is derived linking the
width and depth of each cell to water dischargachHransect has its own set of
parameters and a cell is randomly assigned orfeedfrto transect parameter sets and
random variation is then used to produce a 20%ficaaft of variation in depth. The
width of each cell (m) is determined directly fral@pth using a relationship derived from
the same two IFIM transect data sets. The distahaecell is determined by a random
normal distribution with a 10% coefficient of vai@n from a mean of 50 m. The IFIM
study provided only two transects in the high dgngpawning region of the Manistee
River that this model environment is based upon.

Water velocity and substrate also differ for eatthe 100 cells in the model
environment. The water velocity is calculated bsiding the river discharge (frs®) by
the cross sectional area of the celf\mSubstrate is determined by the cell depth, wate
velocity, and random variation in local geology.

Each cell has a particular number of feeding statitvat can be assigned to fry,
parr, and yearling (parr age-1 and older) stagesdapon the mean densities of each
stage and where the stage feeds. The densitiéseiding stations of fry, parr, and
yearling are as follows: 100°m10-m?, and 1-1if, respectively (Grant & Noakes, 1987).
Each stage also feeds in different areas of tte.ri¥ry and parr are limited to feeding in

the margins near the bank of the stream (withimi&nd 3.0 m of the river bank for fry
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and parr, respectively) and yearling feed acrossmole cell. The final number of

feeding stations is the product of density and &eaach life stage.

Steelhead Population
A simulation starts with a spawning female popolatand follows the offspring

through egg, alevin, fry, and parr stages. Eggadedn stages are modeled as cohorts,
while the fry and parr stages are modeled as iddals. After the first simulation year,
parr that have not died are allowed to stay inritver until they reach the smolting

requirements. Throughout the rest of the paperlagearr will be referred to as yearling.

YOY Steelhead Model Summary
The YOY steelhead model forms a crucial portiothef overall riverine steelhead

model, but is not explicitly a part of this thepi®ject. Here | provide a short summary
of the YOY steelhead model. For a full descriptidrthe YOY steelhead model, | refer
readers to Tyler & Rutherfordn(review).

The YOY steelhead model begins at spawning and a&nitie conclusion of the
first year when the steelhead have completed theadgvin, fry, and parr life stages.
Spawning occurs between days 80 and 140 on dalswaier temperature between 2
and 14 °C. Cells suitable for spawning must hareramum depth of 0.6 m, maximum
water velocity of 0.75 m“sand a substrate that is 10-50% gravel. The nuwibeggs
spawned by each female depends upon her weight.

Eggs and alevin are modeled as redd cohorts witeldement a function of
temperature and decreases in number a functiorodffity. Sources of mortality

included predation, scour, and siltation.
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The YQOY steelhead model follows fry and parr asvitiials because at the fry
stage individuals begin to defend territories arakenmovement and foraging decisions
that do not depend entirely on the physical envitent. The fry stage begins when
individuals complete development through the alestage and at a length of 20 mm.
Individuals graduate to the parr stage when thaghrddO mm. The model for the fry and
parr stages mirrors that described below for treelyey life stages, thus only a brief
summary is provided here.

Foraging and growth of fry and parr follow well @slished models. Foraging is
based on the approach of Gerritsen & Strickler 7297 which fish forage from a
volume of water defined as the cylinder of watext fpasses them in the period of time
that they spend actively foraging. The fractioriaaid items that reside in the volume of
water searched depends primarily upon the watecitglwith increases in water
velocity resulting in a decrease in capture r&eowth follows the “Wisconsin”
bioenergetics model with stage-specific parametsesl for the fry and parr life stages
(Tyler & Bolduc,inreview (Appendix A)).

Mortality sources for fry and parr include, in oraé importance, predation,
temperature extremes, and starvation. Predatitowi® a length-based function to
reflect the fact that larger fish more effectivecape predators. Temperature-based
mortality reflects the fact that steelhead do novise well at temperatures exceeding
23 °C. Starvation mortality occurs when an indinatls weight drops to 50% of that
expected for a fish of its length.

Fry and parr move about the simulated stream vigibrighms that aim to

maximize individual fitness, in this case, maximgigrowth while minimizing the
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probability of mortality. The logic behind the alithm is that individuals with a low
expectation of fitness in their current locatiorlwiove. Low fitness results from either
low foraging and growth rate or high probabilityrabrtality. When moving to a new

cell, individuals randomly select to move eithestnpam or downstream.

Riverine Steelhead Model
The riverine steelhead IBM runs for multiple yearsl every year a new spawning

population is generated. The simulations usedhgeshumber of spawning females each
year regardless of smolt production since steellaeac highly stocked species in the
Manistee River and natural production represenig asmall fraction of the returning
spawning population each year (Horne et al., 2004 characteristics of the spawning
population change from year to year and every stiar year in the model is
independent of the previous year except for thelipgaclass. The number of individuals
in a yearling age class is dependent upon thesship of the class from the previous
year.

In the riverine steelhead IBM yearling are modedsdrue individuals in the same
manner as the fry and parr in the YOY steelheadehodoth the fry and parr stages
have been modified slightly from the YOY steelh&Bbl. The yearling stage follows
the same rules as the YOY individuals for foragigigwth, mortality, and movement
functions. The functions that determine foraging growth are the same for all
individuals, but there are differences in the pagtars that make each function different

for all three stages.
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Foraging and Growth
Steelhead that survive through the YOY stages aaticaily graduate to the

yearling stage. To grow, each individual must §erauring daylight hours for food to
consume. There are different foraging functionsstation holders and floaters.

Station holders, individuals that obtain a feeditagion, feed on food items that are
within their reactive distance and passing by tfe®ding station. Feeding stations are
assigned by a weight-based dominance ranking im ealf and individuals that do not
acquire a feeding station are known as floateteateérs encounter fewer prey items and
are subject to local density effects that do nfcfstation holders. After the fish
forages for food items it must then consume them.

Consumption is a function of the volume searchethkyfish, prey density
(equation 1), and the probability of captuR,f). Consumption cannot exceed the
maximum consumption (&) determined by bioenergetics models (Hanson £1997).
Fry, parr, and yearling all use the same prey defisnction, but it is the probability of
capture that allows the yearling to consume mooe than individuals from the fry and
parr stages. Fry and parr use the sBmefunction as the one used in the YOY steelhead

IBM, but the yearling use a differeRt,, function (equation 2).

_0.985-0.048/ + 0.00056/ 2 +0.0046r (2)
cap ~ 2 EBcap
1-0.05% +0.001¥“ +0.006:T

Probability of capture is a function of water vetggV), temperatureT) (Hill &
Grossman, 1993), and seasonal probability of cag8up). Velocity determines how
much food will pass by a fish, since they are daéiders and depend on food items in the

current. Temperature affects the activity levelhaf fish and as water temperatures
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increase so does drift foraging rates (Van Wink898). Seasons also affect the

responsiveness of individuals to food items driftin the current (Wankowski, 1981).

S, = o.o4+( 0.1055 ]EEl—( 1 D
e 1+ exf~ (day — 244) /10) 1+ ex~ (day - 62) /18) (3)

To capture the seasonal changes in the foraginaviimiof steelhead, the functiog.s
increases in the spring and summer when steelloeagd actively and decreases in the
autumn and winter when their foraging is greatlgrdased (Figure 4).

Common bioenergetics models, as the ones firstlolese by Kitchell et al.
(1977), are used to determine an individual's gloivtthe model. The fry, parr, and
yearling use the same bioenergetic equations (foukthnson et al. (1997)), but the
yearling use a different set of parameters tharytd¥ individuals. The fry and parr use
parameters that were developed for YOY steelhegd(® Bolduc,in review
(Appendix A)), while the yearling use parametei there developed for older steelhead

(Railsback & Rose, 1999). To convert weight irgndth the model uses

L =4673W°*" (Clark & Rose, 1997). If a fish’s energetic costseed what it

consumes, weight may be lost but length will nairdese.

Mortality
The YOY steelhead model features three forms otality; predation, starvation,

and temperature extremes. Individuals in the nvesteelhead IBM are still subject to
the three mortality functions but the predation tality has been altered. The YOY
steelhead IBM only follows parr through one growsgason ending on day 275. After

day 275 the river environment changes and indivglumeur less predation mortality as
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predators migrate out of the area (Figure 5a)r pr@dation mortality from day 275 to

the end of the year follows equation 4.
Uoreo = 0.018+ 500172 (4)

Once the parr survive to the start of a new yeair firedation mortality changes to the

yearling’s predation mortality for the fall to spg season (equation 5; Figure 5b).

Horeo rs = 0.0051+ 2017 (5)

Like the YOY steelhead IBM, predation is calibrategproduce an average daily
mortality rate (Z) similar to the values observedhie Manistee River (data provided by
D. Swank, personal communication, University of Mgan, January 19, 2006). For the
spring to fall season, mortality decreases andipggpredation is calculated using
equation 6 (Figure 5b).

Herep & = 0.000052+ 20017° (6)

Starvation and temperature mortality did not chainge the YOY steelhead IBM
and the yearling adopted the same functions. &tiarvoccurs when an individual’s
growth trajectory becomes negative and their bodight falls below 50% of the weight
expected for an individual of their length. Tengiare mortality function is derived
from data presented by Hokanson et al. (1977), evhbove 22 °C smaller fish incur a

greater risk of mortality than do larger fish fréhe high temperature.

Movement
Simulated movement for fry and parr in the riverateelhead IBM does not change

from the method described in the YOY steelhead @i the yearling use the same
movement rules as the parr. The movement rulesrgaiemented to allow individuals to

move to a different cell in an attempt to maxintizeir fithess by minimizing the
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mortality risk to growth rate ratio. However, thare two exceptions to the movement
rules: 1) floaters always move if they are ablénd an available station and 2) if an

individual loses weight over the past five days/tihvdl move to another cell.

Smolting
The only simulated event that is unique to the y@gpopulation is smolting.

Figure 6 outlines the smolting rules used by therme steelhead IBM (D. Swank,
personal communication, University of Michigan, @1, 2005). Individuals can smolt
between days 120 and 150 but they are limited bgtleand an assigned smolting day.
Throughout the smolting period, when an individugglches the minimum smolting

length for their age they are assigned a smoltayg dEvery age class has a different
minimum smolting size that increases with age (fédi). Smolting days are assigned by
the factor of a size dependant value and an expiahesndom distribution, and
individuals cannot smolt before this given day. aNlindividuals smolt they no longer
exist in the model and are assumed to have beguinatitward migration to open water

to join the adult population.
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Model Calibration and Baseline Simulation Results

Simulations of the riverine steelhead IBM last years. | decided on ten years
after running three baseline simulations for 25 ye&mch. The 25 year simulations
showed that the behavior of the model stabilizéer afbout year six and there are no
consistent and systematic differences in numbesseaihead that smolt after the sixth
year. Differences in the number of smolts producenh the population in the period
from years 6 - 25 result from typical variabilitytiin the population (Figure 7).
Allowing the model simulations to run ten years\pdes a stable period at the end of the
simulation from which | collect output for lateralysis.

To calibrate the yearling population | focused logitt growth, mortality, and
population size. Calibration was accomplished Ibsriag the seasonal probability of
capturing food and predation mortality for the Y@ population. The model was
considered calibrated when the simulated data wiswvthe 95% confidence interval of
the field data. Once the model was calibratedelb@es simulations were generated.
Baseline simulations are the initial simulationattblosely resemble data collected from
the Manistee River before any experimental chaagesnade to the model. | present
and analyze data from the last five years of eanhlation and assume that it takes the
first five years of the simulation for the modelachieve a steady state that is
independent of initial conditions.

The calibration of the model was done by compalemgths, mortality rates, and
densities to data collected on the Manistee Rimdrsaurrounding tributaries for specific
dates (D. Swank, personal communication, Universitylichigan, January 19, 2006).

The mean lengths for the age-1 (Figure 8) and adegire 9) yearling fall near the data
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collected from the Manistee River, Little Manistirer, Pine Creek, and Bear Creek.
The simulated mean + 1 standard deviation captitber the observed data or part of
the 95% confidence interval, with the exceptioth&f one data point collected in the
Little Manistee River for age-2 yearling. This @aiint does lie within 2 standard
deviations of the simulated mean length (data hotv®). Around day 120 the mean
length of both the age-1 (Figure 8) and age-2 (f@i§) populations decrease due to the
larger individuals smolting from the river.

Daily instantaneous mortality rates (2)dor yearling steelhead in the Little
Manistee River from summer to fall 1997 were Z=d0.00005 and for fall 1997 to early
spring 1998 were Z:t= 0.005. The mean daily mortality rate for the fage years of
the three baseline simulations were Z=i0.000047 for summer to fall and Z-¢ 0.008
for fall to spring.

The densities for the age-1 (Figure 10) and agédli(e 11) yearling stages fit the
densities recorded for all of the surrounding trdnies for the same age classes. In the
model, steelhead are subject to different seasooghlity rates. From the spring to fall
the steelhead experience less mortality than ifiathéo spring season (Figures 10 and
11). A sudden decrease in population densitiedeaseen around day 120, this is a
result of individuals smolting.

Simulation experiments in this model focus on cliaggvater temperature,
discharge rates, and spawning female populatian theeir baseline values. The
temperature baseline was calculated using the neeaperature collected at Tippy Dam
on the Manistee River from 1997-1998 with dailyi@ace generated as described by

Tyler & Rutherford (n review) (Figure 1). Baseline daily discharge rates fgear were
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randomly selected from the field data collectedrfrb990 to 1998 (Figure 3). Baseline
spawning population was set to 3000 females tabsistent with the size of the adult

spawner harvest in the Manistee River.
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Simulation Experiments

| designed the simulation experiments to reveal htamagement decisions that
change the Manistee River environment and spawpipglations may affect the number
of individuals that smolt each year. To analyzehsthanges | used three sets of
simulation experiments. Each set was run in tgté and altered one of three variables
from the baseline simulations: number of spawnergdles, daily discharge, and water
temperature (Table 1).

The simulation experiments that focused on the rarmobspawning females
consisted of five different population sizes. Gitbe baseline simulations, which
operated with 3000 spawners every year, | increasddlecreased spawning numbers
leaving the baseline value in the middle of thegganSpawning numbers used in the
simulations were 750, 1500, 6000, and 12000.

The daily discharge set of simulations consistetivofdifferent experiments. The
first experiment had two trials using the averamye &nd average high discharge rates
from the data set of discharge rates observedpgtyTDam in the 1990s. Using the 9-
year daily discharge data set, | averaged evenytgdarm a list of low to high average
discharge rates (Table 2). The low dischargestriahdomly chose from the three years
of data that had the lowest averages (1991, 19%851898). Likewise, the high
discharge trials randomly chose from the threeg/efidata that had the highest
discharge average (1992, 1993, and 1994). Thendetischarge experiment used
multipliers on the 9-year daily discharge data.sdsiltipliers of 0.5, 0.75, 1.0, 1.25, and
1.5 were applied to the discharge rates to gendrstbarge rates that were above or

below the average discharge.
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To analyze water temperature | changed the tempesaturing the mid-summer
months. During the summer periods, water tempegatwere either increased or
decreased by 2, 5, or 10 °C, while winter tempeestuemained the same as the baseline
temperatures (Figure 12). Daily temperaturesliofahe experiments still varied
randomly as described in the model description.

In this thesis | do not simulate a combinationlbflee experimental treatments. In
a full factorial experiment analyzing the YOY stesdd IBM Tyler & Rutherfordif
review) found that there were no interactions betweemwapay number, water
temperature, and discharge rate. In the rivetieellsead IBM the yearling stage is
fundamentally the same as the fry and parr stages the YOY steelhead IBM. With
the similarities between the life stages | decidgdinst a full factorial experiment as |

felt this would not provide any new information albthe steelhead population.
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Results

Every treatment value (e.g., lowering temperatyr@é®°C) consisted of three
simulations making a total of 15 data points factereatment in an experiment (Table
1). The primary response variable | examine hethe number of smolts produced each
year. When an individual is identified as a smibiits does not mean that the individual
successfully migrates out of the river. A smolthe riverine steelhead IBM is an
individual that has reached the smolting requiraéimiand will begin its migration out of
the river.

Spawning Population

Increasing the number of spawning females resiutt@dnearly linear increase in
the number of smolts produced for spawning femahalvers equal to or below baseline
levels. Increasing the number of spawning femabes/e baseline levels showed
remarkably little difference in the number of srsgitoduced (Figure 13a). The
treatment with 6000 spawners yielded the highestaage of smolts (1757 smolts)
followed by the 12000 (1664 smolts) and 3000 (1g®®lts) spawner treatments (Table
3). The number of spawners did not affect the nvegight of the individuals that
smolted (Figure 13b). Although the 6000 spawreaittnent had the highest average for
smolting weight (Table 3) there is no statisticffiedence between the different
treatments (One-Way ANOVA, P = 0.3830).

The effect of spawner number on smolts producednedo examine the
population dynamics of the yearling life stage tenore closely. In particular, |
examined the relationship between the number a¥idhdals surviving the YOY life

stages as parr and the number of age-1 and agei&s groduced in the subsequent
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years. Results suggest a linear relationship ketwlee number of parr entering the
yearling stage and the number of age-1 smdits (t5047; Figure 14a) and age-2 smolts
(r*= 0.3610; Figure 14b). The linear relationshipA®sin these parr number and age-1
and age-2 smolts is suggested by examining therugouend of the plots in Figure 14.
Obviously, parr number is not the only determinafrdige-1 and age-2 smolts as
demonstrated by the lo values and the range of values below that uppendho
However, there appears to be a strong upper bautigkthumber of smolts that can be
produced and that bound seems to be met at spawpaomgation numbers of about 6000

spawning females.

Discharge Rates

Average Discharge
The average discharge experiments randomly seldutedischarge data for a

specific year of the ten-year simulation from eittiee three years with the highest or the
three years with the lowest daily discharge avedsgeending on the high or low
treatment. The simulations that used the actual fda the daily discharge showed no
effect of discharge treatment on the number or teafj smolts produced each year
(Figure 15).

The Manistee River is one of the most constantifigwivers in the United States
and therefore the average high and low treatmentsdny extreme discharges such as
those created from droughts and floods (M. Wilerspnal communication, University
of Michigan, May 31, 2006). A simple computatidrtlte mean daily discharge under
the low, baseline, and high discharge treatmerdd usthis simulation experiment

demonstrate a relatively small difference in tleatments (Table 2).
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Discharge Multiplier

To produce a change in the model river’s flow tlvas not seen in the average high
or low experiments | employed discharge multipliei9.5, 0.75, 1.0 (baseline), 1.25,
and 1.5 to the baseline discharge. Changes ihalige using the discharge multiplier
approach showed a notable effect of discharge ®@mtimber of smolts each year (Figure
16a), although the overall weight of smolts seemesdnsitive to changes in the
discharge multiplier (Figure 16b). More smolts preduced when the discharge
multiplier is 1.0 and 1.25 in comparison to the &6l 0.75 multipliers (Figure 16a). The
multiplier of 1.5 has a larger number of smoltsithize 0.5 and 0.75 multipliers but less
than the 1.0 and 1.25 multipliers (Figure 16a).efll, these simulations suggest that
baseline discharge levels are best for smolt pritaluand that lower discharge levels are
a greater problem for smolt production than arééiglischarge levels.

The age distribution of smolt number (Figure 17#&) mean weight of age-1 and
age-2 smolts (Figure 17b) showed discernable déiffees based on discharge multiplier.
The smolt age distribution changes from a predomniipage-2 smolt to an age-1 smolt
as the discharge multiplier increases (Figure 1T&e mean smolt weight of the age-1
population increases slightly with the dischargetiplier (r>= 0.2118) but not as much
as the increase seen with the weight of the agapRlption and discharge multiplier
(r*= 0.6238; Figure 17b).

An increased number of parr entering the yearltages correlated with a larger
number of age-1 smolts for the highest dischamgrnent (1.5:= 0.8515), while for
age-2 smolts the lowest discharge treatment (d)s an increased number of smolts as
the number of entering parr increasés-(0.9453; Figure 18). There is a slightly higher

number of parr graduating to the yearling stagé wie baseline and lower discharge



25

multipliers than with the higher discharge muligps which is consistent with the results
reported by Tyler & Rutherfordr{review) (Figure 18). The increasing number of age-2
smolts is due to the lack of smolting occurringhia age-1 population at the lowest
discharge. This is further supported by the lomean age-1 smolt weight (Figure 17b)
revealing the difficulty for individual’s to growntthe smolting minimum at the lower

discharge rates.

Temperature
The number of smolts produced with each temperateatment increased as

temperatures decreased. The 5 and 10 °C abovknedsials did not produce any parr
that survived to graduate into the yearling stagésle the 2 °C above baseline trial saw
the fewest smolts produced (Figure 19a). The 16&l6w baseline trial produced the
overall largest number of smolts (Figure 19a). Breakdown of the age-1 and age-2
smolt numbers revealed that the age-1 populatitimeislominant smolting class driving
the decrease seen in Figure 19a. The age-2 somalbers remains relatively constant
across all temperatures with a slight decreasedr2t°C above baseline treatment. The
mean smolt weights for the smolting population reved relatively constant over the
temperature gradient (Figure 19b) and with the @otdmperature trials more parr
entered the yearling stage (Figure 20). For tleelagopulation, as more parr graduated
to yearling the number of smolts increasédt (0.6192) but this correlation was not as

strong for the age-2 populatiorf & 0.3648).



26

Discussion

The simulation experiments revealed a density dégretrsignal in the number of
individuals that smolt as the number of spawningdkes increased. Tyler & Rutherford
(inreview) reported density dependence in the fry stagdataaqpears this density
dependence may be producing the limitations seemuwiting numbers. The number of
yearling smolting generally increased as the nurobparr entering the stage increased
(Figure 14), but the number of parr entering igreater for the 12000 spawners than the
6000 spawners, thus revealing density dependemuetpithe yearling stage. Density
dependence in an earlier life stage could alscagxplhy there is no evidence of weight
loss as the higher spawning populations are intted{Figure 13). Typically, if the
population is affected by density dependence tisem@ore competition for food resulting
in slower growth rates (Cowan et al., 2000). Mnild result in lower average weights
for the individuals in the treatments where dendegpendence is present and no such
change in smolt weight was seen in these simula&tperiments.

The water discharge rates from Tippy Dam duringli®@0s vary little as
evidenced by the simulations of “high” and “low’sdharge simulations using the actual
data from that period. Simulations of the riversteelhead IBM suggest that the
differences in discharge during the 1990s hagc léffect on either the size of the
steelhead population or average weight of the sngblgure 15).

Little variation in water discharge exists in thegalfrom the 1990s, thus |
conducted the second simulation experiment, in wbischarge was altered by using a
multiplier on the baseline discharge, to deterntireepotential consequences of

significant changes in the amount of water runmogn the Manistee River. If the
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discharge rates were altered from the current regihe riverine steelhead IBM shows
that a decrease may adversely affect the numbedoniduals smolting from the river
every year (Figure 16a). Larger, older smolts hebetter chance of surviving their
migration downstream than smaller, younger smatsabse they are less prone to
predation (Marschall et al., 1998; Woldt & Ruthedp2004). Even though the smolting
populations for the simulations with decreasedldisge in the second water discharge
experiment are predominantly age-2, these indilgdboave the lowest average weights
out of all the experiment’s treatments. The deseaa weight can be explained by the
feeding mechanism employed by the model. All siemtl are modeled to be drift feeders
and slower currents would provide less food tofigie therefore inhibiting the growth
rate of the population. While this is a prominfadtor in the model, it may not have as
severe of an effect in the real world since fish agtively search out other food sources
in the absence of sufficient drift food (Angradi@iffith, 1990). However, a decrease in
weight may still be a reasonable expectation ag tlecreases.

When discharge rates were increased in the sedsdldaglge experiment
interesting results occurred. The baseline ansedo baseline multipliers produced the
overall largest number of smolts (Figure 16a). bhseline discharge rates produced the
highest number of age-2 smolts, but did not prodheéhighest average weights (Figure
17). The weights are slightly higher for the p@tign at the highest discharge multiplier
(1.5), but the smolt numbers for this discharge eae lower than baseline. Without
knowing the survival rates for the migration dowaam it would be difficult to
determine which discharge rate would actually poedmore successful smolts. One

would have to analyze the ratio of individuals ngtmlsmolt and individuals that
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successfully smolt. The riverine steelhead IBMhitfees the baseline and slightly above
baseline discharge rates as having the greatesttmitfor increasing steelhead
recruitment.

The riverine steelhead IBM predicts that as the-suohmer water temperatures
decrease the steelhead population produces motéssrifoevious studies have found
survivorship for the YOY life stages to increas¢hngooler water temperatures (Woldt &
Rutherford, 2004; Tyler & Rutherfordh review) and the riverine steelhead IBM agrees
because there are more parr entering the yeathgg ®1s temperatures decrease.
Generally, as there are more parr the number oflagyrolts increases (Figure 20a),
however, this is not seen in the age-2 populatibme number of age-2 smolts does not
increase with water temperature even though threrenare parr entering the yearling
stage (Figure 20b). The relatively constant ageadlt number at the different
temperature regimes is likely a result of the an@fimge-1 individuals smolting.
Increases in the number of parr produced correlaitbsan increase in the number of
age-1 smolts in a relatively tight relationship=(10.6192). The relationship between parr
number and age-2 smolts is not as tight 0.3648) as evidenced by the much greater
variability seen in their numbers (Figure 20).

The most prominent result of the temperature treatwwas the inability for
steelhead to survive at the 5 and 10 °C mid-suntemeperature increases. Even at the
2 °C above baseline temperature treatments thegapusuffered, producing the fewest
smolts of all the treatments. The effect of ineeshtemperature on smolt production
appears to occur during the YOY stages since nospavived to the older stages when

temperature was increased by 5 and 10 °C and wWestcmumber of parr survived in the
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treatments with a 2 °C temperature increase (FigQje The weight of the smolts is
reasonably stable across all temperature treatimedisating that at the higher
temperatures the weights of the smolting individuak not being affected by increased
bioenergetic costs. The loss of entire year ckasgsthe YOY portion of the model
results primarily from the temperature-based muytaf YOY steelhead derived from
results of experiments by Hokanson et al. (19HQwever, temperature extremes that
occur unexpectedly in a previous laboratory stuidydr & Bolduc,in review (Appendix
A)) did show that temperatures of 23 °C could be lathgkarling steelhead.

The response the steelhead had to increased temmesran the riverine steelhead
IBM can help show the impact that a rise in wagenperature can have on the steelhead
population. Ambient air temperatures can increeser temperature (Eaton & Scheller,
1996) and as the model shows, even a 2 °C inchessadverse affects on steelhead
populations. Horne et al. (2004) showed that teatpees could be lowered by changing
the dam from top to bottom withdrawal, but evers ttould not decrease water
temperatures by 5 or 10 °C. Boer (2000) predidbal mean temperatures will rise by
1.7 °C by 2050 and 2.7 °C by 2100 while Eaton atitefer (1996) forecast a 5.10 °C
increase in air temperature over the Manistee Rivea after the atmospheric €O
concentration doubles. With the expectations ohdemperature increases, bottom
withdrawal may be sufficient for a short-term salat but may not be sufficient for long-
term water temperature control. However, the i@hghip between increased air
temperature and water temperature in tributaridsa&e Michigan, like the Manistee
River, is unclear. Such rivers receive significamtounts of their water via groundwater

sources which are much cooler than surface watélsbal warming may increase



30

ambient air temperature, but will also alter theunof water to rivers and may alter the
balance of surface versus ground water inputsasayathat mitigates the effects on
tributary water temperatures (M. Wiley, personahaaunication, University of
Michigan, March 22, 2006).

The riverine steelhead IBM produces results that beaable to help management
increase steelhead recruitment. Specifically teeldirge simulations emphasize the
need to maintain the current, or possibly introdoicger, discharge rates to maintain and
possibly increase steelhead recruitment. The maldelshows that colder water
temperatures only favor steelhead recruitmentallinthe riverine model highlights the
importance of the YOY populations. To maximize thenber of smolts every year the
fry stage needs to be more thoroughly analyzedaximmze this population. The fry
stage has been a factor of density dependencewopss studies (Elliott, 1989, 1993;
Tyler & Rutherford,in review) and appears to be the limiting factor in increggmolt

numbers when increasing spawning populations sigtudy.
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Table 1. Simulation treatments. Gray boxes indida baseline values for the treatment.

Treatment Value

Spawning 750 | 1500] 3000]| 6000| 120000 "
Discharge Average low| baseling| high ////////////////////////////////
Discharge Multiplier 0.5 075 1.0 | 125 15"  h

Temperaturgfrom baseline)l -10 °C| -5°C | -2°C{ 0°C| +2°C| +5°C| +10 °C




Table 2. Average discharge for every year of the-ear daily discharge data set.

Year Average Discharge

(m*sh)
1990 31.06
1991 30.26
1992 33.63
1993 35.01
1994 31.54
1995 29.49
1996 31.46
1997 30.92

1998 28.21
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Table 3. Mean and standard deviation (SD) for numeér of smolts and smolt weight for each
spawning treatment.

Spawning Number

750 1500 3000 6000 12000

Mean| SD Mean| SD Mean| SD Mean| SD Mean| SD

Number of smolts 630 285 972 37p 1406 510 1¥57 462664 | 518

smolt weight (g) 55 12.4] 50.% 9.8 56|6 9.p 56.1 620.47.7| 17.1
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Figure 1. Actual and simulated water temperaturegor the Manistee River from 1997 to 1998.

Simulated long-term mean temperature used in the mael and the variable temperature from one
baseline simulation are also shown.
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simulated prey density in the model (a). Fry, parrand yearling prey densities in each simulation
have some random variation from the long-term meams shown for one simulation year (b).
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end of the growing season (day 275) to the end dietyear. Yearling predation mortality changes in

the spring and in the fall.
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Figure 6. Life-cycle of the steelhead highlightinghe smolting rules employed by the riverine IBM. Steelhead start their life as eggs, developing infoy
and then parr within the first year of life. At th e start of the next year, individuals are now clased as age-1 and they are given the option to sthdf
their length is at least 140mm in May. If an indivdual does not meet the minimum length and survive® the next year, their age increases and they are
now considered age-2 individuals. In May, if age-ihdividuals are a minimum of 170mm they will smolf if not they become age-3 and have the
opportunity to smolt the following May if they are 200mm. If an age-3 individual does not smolt thegre given the same opportunity to smolt as age-3
individuals every year. (Outline provided by D. Svank)
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Appendix A: Individual variation in bioenergetic rates of
YOY rainbow trout. Tyler, J. A. and Bolduc, M. B.

Note: Appendix A is work from the first part of my gnaate studies. It is not included as
a chapter because | was a co-author on the sulomistthe paper.

Abstract
Studies collecting data on bioenergetic ratessih fypically measure rates on a

large number of individuals once and then fit pagtensets to those data sets. Such data
commonly have large amounts of variation arounchtiean which is left unexplained
because the study aims to address population-osystem-level questions. Here we aim
to address the question of whether individual Fiakie detectably different rates of
maximum consumption and respiration rates or ifffeeess by which these rates are
measured introduces the large amounts of variglsiéien in bioenergetic data sets. We
repeatedly measured maximum consumption and réispinates in individually

identified young-of-year (YOY) rainbow trouDfcor hynchus mykiss) over a range of
temperatures. In Experiment 1 we measured regpiredtes of two size classes of YOY
rainbow trout five times at five different tempenads ranging from 9-19 °C. In
Experiment 2 we measured respiration and maximumswaption rates of one size class
of rainbow trout five times at four different tenmptures ranging from 7-19 °C. Results
show that individual differences have a significafiect on respiration and maximum
consumption rates of YOY rainbow trout. Furthealgais of these data shows that the
parameters of the weight-dependent component ofrmam consumption and

respiration rate relationships (intercegtand exponenh) are closely correlated.

Finally, we use these data to develop a new pararset of the Wisconsin bioenergetics
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model of maximum consumption and respiration réde¥ OY rainbow trout. These
findings may have importance for individual-baseadels of fish populations which

have, to date, not included individual level diffeces in bioenergetic rates.

Introduction
Bioenergetic models of fish consumption and redmin rates have served the

science of fisheries and fish biology well sinceitlinception in the late 1970s (Kitchell
et al., 1977; Thorton & Lessem, 1978). Paperfimsymposium and the one held in
1992 demonstrate the importance of these modédlsttobasic and applied fisheries
science (Brandt & Hartman, 1993). Bioenergetic atethave played important roles in a
variety of ecological and fisheries analyses intigegnergy transfer among trophic
levels (Carpenter, 1988), fish stocking regimes(Ret al., 1995), habitat suitability for
specific species (Roy et al., 2004) and enviroralezifects on fish populations (Brandt
et al., 2002).

The maturation of bioenergetic models of fish gtoWwas played a critical role in
the development of individual-based models (IBMsfish populations (for reviews see:
DeAngelis et al., 1989; Tyler & Rose, 1994; Giskalg 1998; Werner et al., 2001,
Salvanes, 2001). IBMs have not played a similemigortant role in the fields of avian or
mammalian population ecology in part because ohtisence of similarly mature models
of growth. IBMs of fish populations have gone teaj extents to describe how events
may affect individuals differently for example, h@epulation or cohort survivorship
may be affected by small differences in size (Dedlisget al., 1979; Rose & Cowan,

1993), the timing of migrations (Adams & DeAngell®87), and environmental changes
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that have seemingly small effects on individuavgio(Cowan et al., 1993). One of the
consistent themes that arises from various IBMistu that seemingly insignificant
differences in individual fish can have an effectaverall population dynamics; that
what happens to the special few individuals thatisa to reproduce disproportionally
affects the population.

Studies collecting data and developing bioenezgetdels of fish growth have
shown that endogenous and exogenous factors caificagtly affect these rates. Rates
differ by species and size class (reviewed in Harg@l., 1997). Environmental factors
such as temperature (Hanson et al., 1997), dissalxggen concentration (Buentello et
al., 2000; Zhou et al., 2001) and salinity (Wuns$etel., 2005) also affect bioenergetic
rates.

Data collected on the key bioenergetic rates gfiration and maximum
consumption typically exhibit large amounts of a#ion around mean values (Rand et
al., 1994; Hartman & Brandt, 1995; Myrick & Cecl®9b). Often this variation in the
measured rates is considered experimental errauseexperimenters must handle
individual fish considerably to put them into varsbapparatuses to collect the data.
Also, the aim of most studies examining fish biaggeécs is to look for large trends in
important rates that determine fish growth. Thenefthese studies have considered
variation from the mean to be statistical noisewver, because IBMs of fish
populations consistently find that individual diéaces affect population dynamics and
because physiological differences in individuakgofis not well depicted in these
models (Chambers, 1993), the question of whetheati@n in bioenergetic rates results

from statistical noise or from individual differesgdeserves attention.
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In this paper we aim to examine the question cétivér variation from the mean
rate of respiration and maximum consumption isact &tatistical noise or if it is a
consistent and measurable feature of the indiviisial The experiments in this study
consist of repeatedly measuring respiration andimax consumption rates in young-
of-the-year (YOY) rainbow troutdncorhynchus mykiss) as they grow and at different
water temperatures. Because of the data set #hablkect here, we address two
additional issues. First, the repeated measuresspfration and maximum consumption
in YOY rainbow trout allows us to explore corretats that may exist in the parameters
that affect the weight component of the modelsthBespiration and maximum
consumption have a basic equation of the foata = aW’. We analyze our data to
determine if a relationship exists between thesegarametersa(andb). Finally,
previous studies have developed bioenergetic mdde&dult rainbow trout (Rand et al.,
1994; Railsback & Rose, 1999), but not for YOY kaw trout. We use the data
collected here to develop a parameter set of thisCuvisin” bioenergetics model specific

for YOY rainbow trout.

Methods
To determine if individual fish consistently differ their respiration and

maximum consumption rates, we conducted two laboyaxperiments. The first
experiment measured respiration only in two age/siasses of rainbow trout over a
range of five temperatures. The second experimeaisured respiration and maximum

consumption in one size class of rainbow trout @veange of four temperatures. In both
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experiments we identified all individual fish widiither numbered streamer tags or fin
clips.
Fish and Holding Tanks

We obtained young-of-the-year rainbow trout ugedifthe Redwing Trout
Hatchery in Montague, MA. Our laboratory holdiragiity consisted of four 135 L
holding tanks in a recirculating system. An owasflpipe in all four tanks allowed for
water pumped into each tank to continuously flow i 750 L head tank. The head tank
regulated water temperature, filtered the wated, @mped it back to the four tanks. The
tank was equipped with two chillers, a heater, fidters (two fluidized bed filters and

two cartridge filters), and two pumps.

Respiration Protocol
Respiration rate experiments were performed oh gwtividual fish multiple

times over a range of different temperatures. fidiewere allowed to acclimate to the
water temperature for at least 24 hours before w&dtand fasted for at least 48 hours
prior to a trial. Respiration rates were meas@a®the rate of oxygen consumed by an
individual inside a sealed chamber over a timedperDissolved oxygen concentration
(IDO]) was measured at the beginning and end df éated period using a YSI 550 DO
probe.

The respirometers used in the study were plaatscvyith airtight covers that were
modified with a bulkhead fitting to provide a quiektry point for the DO probe. During
experiments the bulkhead was sealed with multgjeis of parafiim. There were three

different size chambers and the size of the figbrd@ned the size of the chamber used:
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0.56 L, 2.19 L, or 3.91 L. Tests of this systerowéd that without fish inside the
chamber there was no change in the [DO] readirigstenultiple hours apart.

For each measurement we placed one fish insidsparometer which was then
submersed in the head tank and sealed underwhtaing began when the cover was
secure. The period over which oxygen consumptiag measured ranged from 30 to
150 min depending on size of the individuals in¢chambers, water temperature, and the
size of the respirometer used. The starting [D@3$ @wlways 100%, as this was the
concentration of [DO] in the head tank. The seaésgprirometer was then placed in one
of the four holding tanks to maintain the chamleenperature throughout the timed
period. After the timed period, the respirometaswemoved from the holding tank, the
parafilm over the bulkhead was punctured, and E®] [probe was immediately inserted
into the respirometer, expunging the water in imiaiedcontact with the parafilm. [DO]
measurements were collected as the percent [DQJineng and were converted to
mg-g'-d*for statistical analysis and converted to getf for calibration of the new

bioenergetics respiration model.

Maximum Consumption Protocol
The rainbow trout in the consumption experimenteasecclimated to the water

temperature and fasted the same amount of timeeaissh in the respiration protocol.
Maximum consumption was measured by the amourdarf &in individual consumed in
two-one hour timed periods that were 16 hours adaaich fish was placed inside a
consumption container, a 5 L bucket with a mestecovhich was held in one of the
four holding tanks to maintain the container’s waémperature. A predetermined

amount of food (dense culture crumble, Aquatic istsms #FA2) was distributed into
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each container. At the end of the hour, the remgifood was filtered (feces were
discarded). The food was placed in a drying oued8&b °C for 48 hours. The dried
filters were weighed to determine the amount ofifaot consumed and subtracted from
the amount put into the feeding chamber at the stdahe timed period. A simple
subtraction of the food remaining from the foodwpded produced the amount of food
each individual consumed in that given hour. Tim®ant of food consumed in the two-
one hour periods were combined to obtain th& g-gof food consumed by each

individual.

Experiment 1: Respiration in two size classes
We conducted Experiment 1 from April 2004 to J@064 in which we collected

respiration data from two groups of rainbow trolihe group of small rainbow trout
consisted of 15 individuals with a mean weight @52 (standard deviation = 0.369) at
the start of the experiment. The small fish wgrasned in the spring of 2004. We
divided one of the four holding tanks into thre@i&dgsections and placed five small fish
in each section and fish in each section were @hygiin-clipped for identification. The
group of large fish included 20 individuals wittmean weight of 61.19¢g (standard
deviation = 12.0489) at the start of the experimértie large rainbow trout were
spawned in the spring of 2003. The 20 large fishendivided among the remaining
three tanks and all large individuals received nerad streamer tags (Hallprint corp.) for
identification. Before being tagged, the steatheere anesthetized in a bath with
0.04 g-I* of MS222 (Schreck & Moyle, 1990).

The respiration experiments were performed on eaikidual five times at five

temperatures: 9, 11, 13, 17, and 19 °C. The seguaintemperature treatments was
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randomized. Throughout the study, six small fistl awo large fish were lost from
various events and their data will not be reportBésults present the data from the nine
small and 18 large fish for which we obtained &det of five respiration measurements
at each temperature.

Experiment 2: Respiration and maximum consumption in one size
class

Experiment 2 was carried out from November 200Bdbruary 2005 in which we
collected both respiration and maximum consumptades for a group of 28 rainbow
trout. The mean weight of the group at the statthe experiment was 14.45g (standard
deviation = 3.016g) and they were spawned in thegpf 2004. The rainbow trout
were individually identified with numbered streant&gs using the same procedure as
described in Experiment 1. We divided the fishrdy@mong the four holding tanks.
Respiration and maximum consumption measurements eadlected five times for each
individual at four temperatures: 7, 11, 15, and@9 As with the previous experiment,
we randomized the sequence of temperature treasmé&htoughout the study, two fish
were lost from various events and we do not reth@it data. Results present the data

from the 26 fish for which we have a full set ofasarements.

Statistical Analysis
To determine if individuals showed consistentatiénces in their respiration and

maximum consumption rates we analyzed the data Erperiments 1 and 2 with an
analysis of variance (ANOVA). In this analysis fggrature is treated as a fixed factor,
individual as a random factor and weight as a datar We treat weight as a covariate
because it is intimately linked to individual anechuse it changes throughout the course

of the experiment. We analyze the three groupaiobow trout (small and large from
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Experiment 1 and individuals from Experiment 2)a@pely for the respiration
measurements.

To determine the presence of a relationship betwlee parameteigandb in the
weight-dependent component of the respirat®nafnd maximum consumptioax)
equations we first analyzed the data from eactviddal in Experiment 2 separately.
The base equations for these relationships are

R=aW" (A-1)

C, . =aW" (A-2)
with different values for tha andb parameters for the two equations. For each
individual we regressed the twenty data points eigivt against respiration and then
against maximum consumption to determine the vafube parameters andb. Thus
we obtained one pair of parameter values from @adikiidual for respiration and
maximum consumption. We then analyzed these vatudstermine the presence or
absence of a relationship between the intera@mnd exponento) parameters.

The respiration and maximum consumption data fixxperiment 2 allow us to
also consider if there is a correlation betweelviddals’ respiration and maximum
consumption rates. We regressed these valuessagaich other and analyzed for a
correlation.

Finally, we fit new parameters for the Wisconsiadsiergetics respiration and
maximum consumption models to fit the data thatwlected in these experiments. For
this we conducted a simple grid search systemétiadjusting the values of the five
respiration parameters (RA, RB, RQ, RTO and RTM) @re eight maximum

consumption parameters (CA, CB, CQ, CTO, CTM, CCK1 and CK4) to obtain the
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set that best fit our respiration and maximum carsion data (see Hanson et al. (1997)
for definitions of the parameters and equatiotg ranked the fit of the predictions to
our data based on correlation coefficief. (After selecting the set with the highest
correlation, we adjusted the range and resolutfdheogrid search and repeated. We
began with values published by Railsback and Rb3889) and searched values over a
range that was 0.5 and 2.0 times the initial vall&® refined the range and resolution of
the search until all parameter values changedssytlean 0.1% and the correlation

between model predictions and our data did notghan

Results
The rainbow trout were weighed regularly througtibe course of the study on

the same days as the respiration trials. The weigfrainbow trout generally increased
over time in both Experiment 1 (Figure A- 1) andpEximent 2 (Figure A- 2). Of the
different temperature treatments used, there wecasional decreases in the mean
weight at the beginning of 19 °C trials, but noaay other temperatures. Despite this

initial decrease, a net increase in weight was aeéme end of both experiments.

Analysis of individual differences
The analysis of respiration rates for all threeugoof rainbow trout (small and

large from Experiment 1 and individuals from Expegit 2) showed a significant effect
of individuals on respiration rates in all groupaljle A- 1). For all groups the P-value
of the effect of individual differences on respwatwas< 0.001. The analysis revealed
that water temperature also had a statisticallyiBagant effect on respiration rates, which

is consistent with previous findings (Jobling 198#&nson et al 1997). Analysis of
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maximum consumption rates from Experiment 2 alsw&d that the effect of individual
differences was significant with P-values similddw as seen in the analysis of
respiration rates (Table A- 2). As expected, wedarperature also had a significant

effect on maximum consumption.

Analysis of parameter correlation
The analysis of the parameters in the weight-dégeincomponent of the

equations for respiration (equation A- 1) and maximconsumption (equation A- 2)
showed a tight correlation between the two. Theetation between the intercepf)

and exponentd) in the respiration rate data is high#r0.9331) and a relationship
between the two parameters seems visually obvieigsie A- 3). From Figure A- 3 it
may seem that the relationship between the parasistaffected by the one point on the
extreme right of the data set, but with that pogmhoved from the regression analysis the
correlation betweea andb is still extremely high {r= 0.9243). A relationship between
thea andb parameters for maximum consumption (Figure A-14d axhibited a high
correlation value fr= 0.9442) and this data set seems to have nospibiat may be
considered outliers.

The design of the second experiment allowed dsstiofor a correlation between
respiration and maximum consumption rates. Analgéthe data revealed that there is
no correlation between the two bioenergetic rates 0.058; Figure A- 5). A close
examination of the data shows no relationship betwespiration and maximum

consumption rates at any of the temperatures tested
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New bioenergetics model parameters

The respiration and maximum consumption data atbws to develop a
parameter set for the maximum consumption and nesm rates of the Wisconsin
bioenergetics model (Hanson et al. 1997) for YQOivilvaw trout (Table A- 3). In
creating this parameter set we allowed the dathite the gridsearch parameter
optimization routines that we wrote with one liniiba. Experiments of Hokanson et al.
(1977) and our own experience holding rainbow tindhe laboratory show that
temperatures above about 24 °C result in increas@thlity for rainbow trout.

Therefore we limited the parameter optimizatioroattym such that it would not produce
viable maximum consumption and respiration ratésraperatures above 24 °C.

The parameter set that our optimization routinested gives predictions of
respiration and maximum consumption rates thaediibtably from those created from
the parameters developed for adult rainbow trouragd et al. (1993) and by Railsback
and Rose (1999). The respiration rates predicyatidotwo adult rainbow trout models
typically fall below those that we collected. Tietationship between respiration rate and
temperature shows adult predictions that are ldtem the measured YOY respiration
rates and with an optimal temperature that is hi¢jmen that which the data support
(Figure A- 6). The relationship between respimatiate and fish weight predicted by the
adult models is not the same as in the new YOY madihe data, but this difference is
not terribly great (Figure A- 7). The maximum comgtion rates predicted by the two
adult models differ notably from the rates meastdioedd OY rainbow trout. The
relationship between temperature and maximum copsamrates predicted by the two

adult models predicts rates that are much higteer those we observed (Figure A- 8).
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The same is true for the relationship between weagd maximum consumption (Figure

A-9).

Discussion
The finding of a significant effect of differentdividuals on respiration and maximum

consumption rates in Experiments 1 and 2 represkeatnost important result in this
study. Previous studies measuring bioenergetss fadve shown large amounts of
variation in rates (e.g. Hartman and Brandt, 198%;ick and Cech, 1996) but focused
more on the overall population trend and considénedsariability in rates to be
statistical noise. Results of the repeated measfreespiration and maximum
consumption in these experiments suggest that sbthe variability observed in
previous studies of bioenergetic rates may resoith freal differences between
individuals rather than statistical noise or expemtal error. Because fish weights
changed during the course of the study and weightfeantly affects bioenergetic rates,
we cannot partition the variability in maximum cangption and respiration rates among
the factors of individual differences and simpl@esmental error.

Bioenergetic models of fish growth have playedmaportant role in the
development of individual based fish population eledqIBMs) (DeAngelis & Gross
1992; Van Winkle et al. 1993 (and many other papefgansactions of the American
Fisheries Society Vol. 122, number 3); Giske efi@B8). To date, IBMs of fish
populations have assumed no difference among thakNs’ bioenergetic rates because
there were no data suggesting the presence of tengpdetectable differences among

individuals of the same species and size clas® r@$ults of Experiments 1 and 2 here
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show that differences in bioenergetic rates dotexrsong individual fish of the same
species and size class.

Dating back to some of the early models (e.g. Desiaget al. 1979), IBMs have
consistently shown that in fish populations smédfedences among individuals can have
important effects on population survival and growates. Our finding of significant
individual differences in the key bioenergetic sabé maximum consumption and
respiration suggests that this is a difference ity be important enough to consider
including in IBMs of fish populations. The overaffect of variability in bioenergetic
rates on the predictions of fish population IBMsabviously, uncertain at present.
However, because bioenergetic model play a cerdi@in many of these models, the
effect of individual variation in these rates shibhé explored.

Our finding of a significant relationship betweére {parametera andb in the
weight dependent components of the respiratiomaaxdmum consumption equations
(Equations A- 1 and A- 2) was unexpected. For gimtiheases in the intercept correlated
with a decrease in the exponent. Our finding o€owelation between respiration and
maximum consumption rates, on the other hand,ssiqomising.

Finally, our data allow us to create a new paranmsgefor maximum consumption
and respiration rate components of the Wisconsar@rgetics model for YOY rainbow
trout. The predictions of the new model differ smierably from those of the models
created for adult rainbow trout. The fact thatemergetic rates differ for adult and YOY
stages of a species is a common finding as evidemgéhe number of species for which
different parameter sets have been developed fdtsaahd YOY (see Hanson et al.

1997). We expect that the parameter set we préseatfor YOY rainbow trout
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bioenergetics will prove useful because the spasiesdespread and supports valuable
fisheries in many areas. We hope that our paramseteallows for more accurate YOY

rainbow trout growth or population dynamics modelbe developed in the future.
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Table A- 1. ANOVA of respiration rates from all three respiration groups.

Group Source df MS F P

. Weight (covariate) 1  2.71xT0 0.022 0.882
Ex?ggrgne)”t 1 Temperature (fixed) 4 0000 14752  0.000
Individual (random) 8 7.59x10 1.396  0.001
1
4

Weight (covariate) 7.61xT0 0.525 0.469
Temperature (fixed) 0.000 51.493 0.000
Individual (random) 17 2.32x10 16.021 0.000
Weight (covariate) 1 6.98x0 0.026  0.002
Experiment 2 Temperature (fixed) 3 0.000 643.51 0.000
Individual (random) 25 6.51x10 9.386  0.000

Experiment 1
(Large)




Table A- 2. ANOVA of maximum consumption rates.

Source df MS F P
Weight (covariate) 1 0.020 190.74.000
Temperature (fixed) 3 3.25x10-3 35.31 0.000
Individual (random) 25 8.34x10-4 7.86 0.000

1



Table A- 3. New parameters for maximum consumptiornd respiration rate equations of the
Wisconsin fish bioenergetics model for young-of-yeaainbow trout.

Parameter Value
Consumption

Equation 3

CA 0.1775

CB -0.297

CQ 0.06

CTO 14.5

CT™M 20.5

CTL 22.0

K1 0.397

K4 0.655
Respiration

Equation 2

RA 0.01166

RB -0.0558

RQ 2.792

RTO 18.0

RTM 25.5
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Figure A- 1. Weights of large and small rainbow tout in Experiment 1. Data shown are the mean

+1 standard deviation.
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Figure A- 2. Weights of rainbow trout in Experimert 2. Data shown are the mean +1 standard
deviation.
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Figure A- 3. Relationship between interceptd) and exponent £) of respiration rates (respiration =
aWP) computed for each individual in Experiment 2, # = 0.9331.

81



0.0

Exponent (b)
)
w

-0.4 ~
-0.5 ~ ®
'06 T T T T T
0.05 0.10 0.15 0.20 0.25 0.30 0.35

Intercept (a)

Figure A- 4. Relationship between interceptd) and exponent £) of maximum consumption rates
(Cmax = @WP) computed for each individual in Experiment 2, f = 0.9442.
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Figure A- 5. Relationship between maximum consumfin and respiration rates in Experiment 2.
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Figure A- 6. Data and model predictions of the retionship between temperature and respiration

rates. The gray region represents predictions fronthe new YOY model over the range of weights set

by the mean weight of the small fish and of the lge fish in Experiment 1. The predictions from the
models by Rand et al. (1993) and Railsback and Rog§E999) use the mean weight of all fish.
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Figure A- 7. Data and model predictions of the reltionship between weight and respiration rate.
The gray region represents predictions from the newOY model over the temperature range 5-20
°C. The predictions from the models by Rand et al1993) and Railsback and Rose (1999) use a
temperature of 15 °C.
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Figure A- 8. Data and model predictions of the reltionship between temperature and maximum
consumption rate. Model predictions shown includ¢hose from the new YOY model at the mean

weight of fish in Experiment 2 (solid line) £1 SDdray) and those from models by Rand et al. (1993)
and by Railsback and Rose (1999) for only the meameight of fish in Experiment 2.
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Figure A- 9. Data and model predictions of the reltionship between weight and maximum
consumption rate. The gray region represents predtions from the new YOY model over the
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temperature range 5-20 °C. The predictions from tB models by Rand et al. (1993) and Railsback

and Rose (1999) use a temperature of 15 °C.



