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ABSTRACT
IMPROVING LARVAL SEA LAMPREY ASSESSMENT IN THE GREA LAKES
USING ADAPTIVE MANAGEMENT AND HISTORICAL RECORDS
By
Gretchen J. Anderson
Sea lampreys in the Great Lakes are managed lingeabutaries with lampricides that
target the larval stage. A resource-intensiveibperfect larval assessment process
(Quantitative Assessment Sampling, QAS) is curyaidked to determine which streams
to treat annually. | developed an alternative sssent method (Rapid Assessment, RA)
that requires fewer resources, and compared thie and benefits of RA vs. QAS by
conducting both methods on all wadeable streamsreg assessment in 2005 and 2006
and ranking streams for treatment priority. The oERA resulted in more treated
streams, and based on population estimates geddrna@AS and by capture-recapture
experiments, the use of RA would allow greater seggion of sea lampreys basin-wide.
Assessment expenses could also be reduced threeighcorporation of historical
knowledge. Some tributaries are highly regulahgir need for treatments, while others
vary widely. | analyzed data collected from 198005 using mixed-effects models to
test for differences in recruitment and growth ge-d between regularly and irregularly
treated streams. Recruitment was twice as largegular streams than in irregular
streams, indicating that year class strength ebéished early in the sea lamprey life
cycle. | found no consistent differences in grotalage-1 among categories of streams;
however, a variance components analysis showed dkat Superior streams that are

treated irregularly also exhibit more irregularesat age-1 than streams treated regularly.
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THESISINTRODUCTION

The sea lampreyPgtromyzon marinus) is an invasive species in the Great Lakes
and is the focus of an intensive control progréea lampreys are native to the Atlantic
Ocean, and spawn both in North America and EurBparhish 1980). Sea lampreys
were first documented in Lake Ontario in the ed890s, although their impacts on other
fish stocks in Lake Ontario appear to have beerimaihuntil the 28' century (Christie
and Kolenosky 1980). Sea lampreys invaded ther @heat Lakes through the Welland
canal beginning in the 1920s (Applegate 1950, @hrasxd Goddard 2003). Spawning
runs of sea lampreys were confirmed in all of thpar Great Lakes by 1947 (Smith and
Tibbles 1980).

Adult sea lampreys spawn in streams, where thepaoasitic larvae typically live
for 3-7 years (Potter 1980), although they can renmastreams for as many as 18 years
(Manion and Smith 1978). Upon completion of theddphase, sea lampreys
metamorphose and migrate downstream into largeebadfiwater, where they parasitize
other fishes, often injuring or killing the hosAn early life history study identified
stream-dwelling larval sea lampreys as the lifgestaost vulnerable to control
(Applegate 1950); in particular, managers were eraged to focus control efforts on
larvae undergoing metamorphosis (called transfasin&y maximize efficiency (Smith
and Tibbles 1980).

The ecological impacts of sea lampreys on natieeisg of the Great Lakes have
been well documented, including their contributiorthe extirpation of lake trout in all
lakes except Superior and Huron (Smith and Tibb830, Pearce et al. 1980). By 1946,

sea lampreys were recognized as a major threhetbsheries of the Great Lakes



(Fetterolf 1980), stimulating the formation of tGeeat Lakes Fishery Commission
(GLFC) in 1955 to coordinate the management ofgpecies (Christie and Goddard
2003). After several years of limited and reldtvensuccessful attempts to control sea
lampreys using mechanical and electrical barreftddck spawning adults, chemical
control using 3-triflouromethyl-4-nitrophenol (TFMJas initiated in Lake Superior in
1958 (Christie and Goddard 2003). Use of chemigatrol in Lakes Michigan, Huron,
and Ontario was initiated in the 1960’s and 1978ig] Lake Erie did not start using
chemical control until 1986 (Christie and Godda@®2). Sea lamprey populations and
wounding rates of lake trout declined drasticaityriediately following the initiation of
chemical controls (Smith and Tibbles 1980). Cheatgontrols are now used in
conjunction with alternative control methods, addlasea lamprey populations are
judged to be at around 10% of their former abunddBenith and Tibbles 1980, GLFC
2001, Heinrich et al. 2003).

Although alternative control methods are currengd to supplement chemical
control techniques, control is achieved mainly tiylo the periodic treatment of sea
lamprey-producing streams with TFM, which typicaiiifs 95-100% of the larvae
present (Smith and Swink 2003). Because lanala®mpreys remain in their natal
streams for several years before becoming pargsusniles, it is neither necessary nor
cost-effective to treat every stream each yeathé&atreatments should be applied on a
cycle that matches the duration of the larval phasegiven stream. However, natural
variation in recruitment, growth rates, and surfdarval sea lampreys makes it
impossible to predict with certainty when eachatmewill require treatment to prevent

the downstream migration of parasitic juvenileherefore, each year a group of



candidate streams is assessed to determine wihéest have the largest populations of
transformers relative to their treatment cost dmns tshould be prioritized for treatment
(Slade et al. 2003).

The current larval assessment methods are cgstigtill produce highly
uncertain population estimates. Recent studies iugveified and quantified sources of
this uncertainty (Steeves 2002) and drawn atteno@ssumptions in the assessment and
stream ranking process that are often violatece{&t® et al. 2003, Hansen et al. 2003).
Using current assessment and control methods, essgipn of sea lampreys to target
levels has yet to be accomplished consistentlyugiiiout the Great Lake&&évin
Christie, Great Lakes Fishery Commission, personal communication), indicating that the
exploration of alternative methods is warrantdtseems reasonable to assume that an
increase in resources allocated to assessment et in a corresponding increase in
the accuracy of larval population estimates, aedefiore in the certainty of stream
selection decisions. However, high levels of Mahgy in larval growth and
metamorphic rates, combined with the practicaltition that larval assessments must be
conducted in the year prior to a stream treatnmetlude managers from ever being
absolutely certain about which streams to tregiamdless of the level of assessment
expenditures. Additionally, because the GLFC maraga lampreys with a finite
budget, any increase in assessment costs willtriesalcorresponding decrease in the
resources available to actually treat streams alfernative management strategy would
be to allot minimal resources to assessment, aechigth level of uncertainty

surrounding predictions of larval and transformauradance, but make stream treatment



decisions less sensitive to this uncertainty bypgigihe resources saved on assessment to
treat additional streams.

In Chapter 1 of this thesis | describe the develepimmplementation, and
evaluation of an alternative assessment and stseéeution protocol called Rapid
Assessment (RA). RA requires fewer resources tiraicurrent assessment procedure
(Quantitative Assessment Sampling, QAS), and theuees saved on assessment are
used to treat additional streams. The objectivihisfresearch was to evaluate the
effectiveness of RA relative to QAS by comparingititosts to the sea lamprey control
program and their benefits in terms of sea lampkéled. | evaluated the costs and
benefits of RA compared to QAS by implementing bo#thods on a basin-wide scale
and monitoring the consequences in terms of tleasts selected for treatment and the
predicted number of sea lampreys killed. | coragdhe predicted numbers of sea
lampreys killed using population estimates predidig QAS as well as population
estimates generated from capture-recapture stuti@smpared the two assessment
methods using an adaptive management framewoHheisdnse that the comparisons
were conducted on the scale relevant to managewahinvolved the use of alternative
management tactics to learn more about the beshgeament strategy to employ in the
future.

Another means through which assessment costs beuielduced is through the
incorporation of historical knowledge into the sireselection process. Larval
assessment surveys have been conducted in Gread tréddutaries since the inception of
the sea lamprey control program, but these data haver been formally analyzed for

patterns in demographic rates such as recruitrmehgeowth. In Chapter 2, | describe



the analysis of historical survey data collectemfrLl959 — 2005. Sea lamprey managers
have classified lamprey-producing streams in theaGicakes into four categories based
on their regularity of lampricide treatments. édsnixed-effects models to analyze
differences in recruitment and growth to age-1 agnstream categories. | also used
variance components analyses to determine if @éiffegs existed between categories in
the variability of recruitment or growth to age-Ihe objectives of this research were to
determine the usefulness of this stream categamiz&tamework in directing assessment
efforts, and to determine which demographic praeess$ larval sea lampreys have the
greatest influence on the regularity of sea lampregluction and need for treatment in a
stream. The results of these analyses are presendemanagement context, and

recommendations for assessment and future anddgsesl on my results are included.



CHAPTER ONE
DEVELOPMENT AND EVALUATION OF AN ALTERNATIVE ASSESMENT
PROCEDURE FOR LARVAL SEA LAMPREYS: A CASE STUDY INDAPTIVE
MANAGEMENT
| ntroduction

The sea lampreyPgtromyzon marinus) is an invasive species in the Great Lakes
and is the focus of an intensive control progréea lampreys were first documented in
Lake Ontario in the early 1800s, and invaded themoGreat Lakes through the Welland
canal beginning in the 1920s (Applegate 1950, @hraand Goddard 2003). Their
ecological impacts on native species of the Gre&ek have been well documented,
including their contribution to the extirpation lake trout in all lakes except Superior
and Huron (Smith and Tibbles 1980, Pearce et &80}l %rompting the formation of the
Great Lakes Fishery Commission (GLFC) in 1955 tersge sea lamprey management
(Christie and Goddard 2003).

Adult sea lampreys spawn in streams, where thepaoasitic larvae live for an
average of 3-7 years (Potter 1980), although tlayremain in streams for as many as 18
years (Manion and Smith 1978). Upon completiotheflarval phase, sea lampreys
metamorphose and migrate downstream into largeebafiwater, where they parasitize
other fishes, often injuring or killing the hoshn early life history study identified
stream-dwelling larval sea lampreys as the lifgestaost vulnerable to control
(Applegate 1950); in particular, managers were eragged to focus control efforts on
larvae undergoing metamorphosis (called transfajrtermaximize efficiency (Smith
and Tibbles 1980). Control is currently achieveainty through the periodic treatment

of streams with the lampricide 3-triflouromethykitrophenol (TFM), which typically

kills 95-100% of the larvae present (Smith and $w003). Because larval sea



lampreys remain in their natal streams for sewaats before becoming parasitic
juveniles, it is neither necessary nor cost-effecto treat every stream each year.

Rather, treatments should be applied on a cyctenthéches the duration of the larval
phase in a given stream. However, natural variatioecruitment, growth rates, and
survival of larval sea lampreys makes it impossiblpredict with certainty when each
stream will require treatment to prevent the dowash migration of parasitic juveniles.
Therefore, each year a group of candidate stresu@ssiessed to determine which streams
have the largest populations of transformers regdab their treatment cost and thus
should be prioritized for treatment. The curremval assessment methods are costly, yet
still produce highly uncertain population estimgtgteeves 2002). The GLFC has a
finite budget for sea lamprey management, and resstallocated to assessment
diminish those available to implement control tgi¢s. The optimal balance between
assessment and control expenditures has yet tetbardned, and is the subject of this
research.

Trade-offs between competing management actionscemenon to systems
managed under a limited budget. The optimal allonaf resources among two or more
valued activities is a common goal of economic nlindgi.e., Hoy et al. 2001, Varian
2003), but has been formally evaluated infrequentlyatural resource management (but
see Cochrane 1999, Shogren et al. 1999). In #eafasea lamprey control, a trade-off
exists between resources allocated to larval assggsused to determine which streams
need to be chemically treated, and those allodatélie actual treatment of those
streams. The optimal balance between these twageament activities can be

determined through testing alternative assessmetdaqols and monitoring their



efficiency and effectiveness on the scale relet@mnmtanagement. In this research, | have
initiated an adaptive management experiment toldpyeanplement, and evaluate one
such alternative assessment method that allocates fesources to assessment and
more to treatment.

Before 1995, streams were selected for lampricigtiinent based on
unstandardized measures of larval abundance mnssidength-frequency distributions
of larvae derived from non-random sampling, anéd@eal judgments (Slade et al. 2003).
In an effort to standardize assessment procedorgsasselection criteria could be more
objective, a method known as quantitative assesssaempling (QAS) was implemented
in 1995 to estimate larval abundances in Great $ éileutaries. QAS provides data on
larval densities, larval size distributions, andi&able habitat through intensive,
standardized, random sampling (Slade et al. 2003)ese survey data are used in
combination with the Empiric Stream Treatment RagKESTR) model to predict the
abundance of transformers in the year followingeassient based on assumptions about
stream-specific growth rates and models of lengtbed metamorphic probability
(Christie et al. 2003). Streams are then rankseédban the predicted number of
transformers relative to the cost of treating tineasn. Streams with the highest
predicted number of transformers killed per dofibtreatment cost are ranked highest,
and streams are treated in rank order until thérabbudget is exhausted.

Despite the rigorous sampling protocol associatigld @AS, it remains an
imperfect assessment method. Larval populatiomesgis obtained from QAS survey
data and the models used in ESTR to predict tramsfioon rates both introduce

uncertainty into stream selection decisions. Restmies have identified and quantified



sources of this uncertainty (Steeves 2002) andmegtention to assumptions in the
assessment and stream ranking process that anevaidtated (Steeves et al. 2003,
Hansen et al. 2003). Hansen et al. (2003) deteuhtimat larval growth rates vary
substantially among streams as well as among yddms. variation introduces
uncertainty into larval length predictions geneddtg existing growth models, and this
uncertainty is compounded when these predictedhsraye subsequently used to predict
transformation rates. Therefore, Hansen et aD3pfecommend investigating
assessment methods that sample larvae near thef #redlgrowing season to reduce the
number of growing days that must be modeled toredé end-of-year larval lengths.
Reducing the reliance of stream selection decisbongrowth models by conducting
assessments later in the year could improve tharacy of these decisions. However,
given the large number of streams that must be le@hgach year, assessment methods
would have to be less time- and effort-intensiventburrent methods to complete all
assessment surveys in a shorter period of time \{rithin 60 days of the end of the
growing season). Hansen et al. (2003) also obddrigd variability in metamorphic
rates, and concluded that reliable prediction afamerphosis is unlikely in the absence
of stream- and year-specific models. Since theldgwment of such models would be
extremely difficult, they proposed eliminating thge of metamorphosis models
altogether, making the stream treatment selectioogss independent of metamorphic
rates. In another review of assessment techni@lade et al. (2003) called for the
evaluation of alternative methods for estimatingahand transformer abundance that
will constitute the “most prudent use of resouraeailable to control sea lampreys.”

They proposed that assessment could be improveer éiy making assessment methods



more accurate, or by developing a procedure fdtingnand selecting streams for
treatment that is more robust to the variabilityarent in the processes that influence the
number of sea lampreys migrating to the Great Lakes

Any evaluation of alternative assessment techniguksequire a consideration
of the economics as well as the biology of sea faympontrol. It seems reasonable to
assume that an increase in resources allocatesséssment would result in a
corresponding increase in the accuracy of larvpbfadion estimates and in the certainty
of stream selection decisions (Figure 1). Thersfone option to reduce uncertainty
about which streams to treat in a given year alltacate more money to assessment.
The implementation of QAS in 1995 represented aresmse in assessment expenses to
increase the reliability of stream selection dexisi In 2006, the GLFC allocated $3.1
million to larval assessment, constituting 16%ha total sea lamprey management
budget Gavin Christie, Great Lakes Fishery Commission, personal communication).
Despite the current high investment in assessmatital uncertainties in the stream
selection process still exist (Hansen et al. 2@8eves 2002, Steeves et al. 2003).
Further investments in assessment could servaltcegthese uncertainties; however,
high levels of variability in larval growth and na@borphic rates could preclude
managers from ever being absolutely certain abbitwstreams to treat regardless of
the level of assessment expenditures. Additionblgause of the time needed to plan
chemical treatments, the set of streams treatadjimen year must be chosen the year
prior to treatment, and therefore the need to fasefuture population structures is an
inevitable component of sea lamprey managementdksss of the resources spent on

assessment. Any increase in assessment costesult in a corresponding decrease in
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the resources available to actually treat streamsalternative management strategy
would be to allot minimal resources to assessna&egpt a high level of uncertainty
surrounding predictions of larval and transformauradance, but make stream treatment
decisions less sensitive to this uncertainty bypgighe resources saved on assessment to
treat additional streams — in effect hedging bgtsrest assessment uncertainty.
Presently, the balance between assessment andlaxyenditures that will maximize

the number of transformers killed is unclear; stsdhat explore alternative strategies of
resource allocation are needed to evaluate therubalance and determine whether

better strategies could be employed.

$ available for lampricide control/
number of streams treated
Aoeinooe Juswssasse

$ spent on larval assessment

Figure 1. lllustration of the trade-off between expendigion larval assessment versus
lampricide application. As more resources are sprrassessment, fewer resources are
available for lampricide control, as illustratedthg dotted line. On the other hand, as
assessment expenditures increase, the accurdegt@dsessment increases and the
streams that are treated are selected with greatdidence, as illustrated by the solid
line.

The conflict between resources available for aseest of a system and those

available for other management activities is natjue to sea lamprey management.
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Commercial fisheries managers expend abundantnesoan complex stock assessment
techniques and analyses to monitor the statusloéfies and to set future management
targets. Cotter et al. (2004) argue that thesesksissessment models are often too
complicated to be useful, and rely on assumptibasdre unjustified by available data.
Despite the complexity of these models, criticatentainties remain in the predictions
they generate. Because stock assessments anatéheotlections that support them also
preempt a great deal of effort that could be usathprove management in other ways,
Cotter et al. (2004) advocate a shift to a simpledel of stock assessment when making
policy recommendations. Cochrane (1999) also arthet activities in a management
system should be assessed in terms of their cfesttiebness, and that doing so could
lead to the adoption of simpler but more effectivenagement measures than are
currently evolving. Additionally, budgetary coratits restrict resources for assessment
for many natural resource managers, making the foeexbst-effective assessment
methods all the more urgent. Rapid assessmentitpeds that are less extensive than
traditional quantitative sampling methods are eftecin other systems and have been
advocated as cost-effective means of achieving geanant goals (e.g., Jones and
Stockwell 1995, Pido et al. 1997, Risk et al. 200Bor example, rapid assessment of
macroinvertebrate species composition allows masagealetect critical changes in
community structure while offering substantial $&4 in the cost and effort needed to
obtain such information compared to traditional ex@source-intensive sampling
techniques (Metzeling et al. 2003). To effectivéétermine the usefulness of rapid

assessment technigues in sea lamprey managememtestiniques must be tested on a
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scale that is relevant to management decisionapthte management is a tool that lends
itself well to this type of experimentation.

The use of adaptive management in natural resonaceagement has been widely
advocated and adopted in several natural resouac@agement systems (e.g., Walters
and Hilborn 1978, Lee 1993, Cottingham et al. 2004daptive management is based on
the premise that the dynamics of managed ecosystarmplex and difficult to
predict, and that meaningful understanding of tleséems cannot be achieved by
dividing systems into simple components that asyeeesearched using traditional
methods of experimentation (Holling 1978, Walte®88). Rather, adaptive
management uses alternative management actionse¢heass as experimental tools to
test hypotheses, decrease uncertainty about masggesns, and optimize management
decisions. Alternative management actions areldped as the result of well-defined
goals; they are then implemented, continuously teoed and evaluated for success in
terms of ecological, economic, and social impaats, are changed or “adapted” as
necessary (Walters 1986).

The goal of sea lamprey management is to reduceulmder of parasitic sea
lampreys in the Great Lakes to levels that allogvréalization of fish community
objectives (GLFC 2001, Christie and Goddard 20Q03ing current assessment and
control methods, suppression of sea lampreys getdevels has yet to be accomplished
consistently throughout the Great Laké&sin Christie, Great Lakes Fishery
Commission, personal communication), indicating that the exploration of alternative
methods is warranted. QAS has been implementad-téde since 1995, but has never

been formally evaluated in terms of its performaretative to other assessment
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techniques. Additionally, quantifying the impaétheanagement decisions based on
QAS on sea lamprey populations in the Great Lakssnoven difficult due to the
simultaneous adoption of other large-scale chamgte sea lamprey control program
(i.e., a reduction in the amount of lampricide usetteat streams, Brege et al. 2003).
Given the high levels of uncertainty associatedV@AS in spite of its high resource
demand, and given that it is the basis for stregliection decisions that are of utmost
importance to sea lamprey management, it seemgmpirtal investigate the effectiveness
of this assessment method relative to that of mradtive method.

The management action of interest in this studgrigal assessment of sea
lampreys. To reduce uncertainty about the optetiatation of resources between
assessment and control activities, | have develapealternative larval assessment
method called Rapid Assessment (RA) that is lessuree-intensive than QAS. | have
implemented RA alongside QAS on a basin-wide sicallevo years, and monitored the
results in the form of the set of streams that wdod selected for treatment based on the
results of each assessment method and the predigteber of sea lampreys that would
be killed if those streams were treated. | assutinadthe RA method would be less
accurate, but also less costly than QAS. | alsaragd that any resources saved in using
RA will be used to chemically treat additional simes.

| hypothesized that the use of Rapid Assessmeuntdiead to greater
suppression of sea lampreys than the use of QASest this hypothesis, | applied two
different “treatments” by conducting both assesdms&thods on the same set of
streams. | estimated the effect of each treatimgebmparing the costs (assessment plus

control costs) and benefits (estimated number afa®preys killed) of each method.
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This experiment is not a traditional example offn@ management, because
assessment options rather than control optionseing compared. However, because |
compared assessment methods that have a miniraat eff the system being observed, |
was able to apply both treatments to the samef sttemams in each year and directly
compare the results. In this chapter, | desdhbeRA method and its implementation,
evaluation, and implications for the sea lampreytic® program in an adaptive
management context.
Methods
I mplementation of Rapid Assessment

Great Lakes tributaries are divided into “biolaiceaches”, which were defined
by sea lamprey managers in 1995 to facilitate laagaessment surveys. A reachis a
section of stream that is relatively homogenougims of larval habitat, larval densities,
and control strategies (i.e., above or below da®arey barrier: Slade et al. 2003).
Rapid Assessment (RA) and Quantitative Assessnmanping (QAS) were both
conducted on all wadeable Great Lakes reaches sidtefr quantitative assessment in
2005 and 2006, and the streams that would be sdléat treatment based on the results
of the two methods were compared. In each yetreoéxperiment a small number of
wadeable reaches lacked sufficient larval habat@onduct both assessment methods
without re-sampling the same habitat areas, arsbthgeams were excluded from this
analysis.
Quantitative Assessment Sampling

Larval Sampling
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QAS surveys are conducted between April and Octabé are intended to
provide an estimate of the abundance of larvala®arey age-1 and older (Slade et al.
2003). Six access points are randomly selected &ibavailable access points on a
reach. Larval habitat is qualitatively classifiatb three categories based on its
suitability for supporting larval sea lampreys, amdheasured along four randomly
placed transects at each access point. Type-dtabiconsidered optimal and consists of
a mixture of sand and fine organic matter, Typkalbitat is acceptable but not preferred
and primarily consists of sand, and Type-Ill hatigauninhabitable and consists of hard
packed gravel, bedrock, or other substrates intotwlarvae cannot burrow (Dustin et al.
1989, Slade et al. 2003). The proportion of eadtitht type and the mean stream width
measured at the habitat transects, along withdtimated infested length of the stream,
are used to generate estimates of the availaial laabitat in each stream.

Larval lampreys are collected at each access pgiststematic sampling with an
ABP-2 backpack electroshocker (University of Wission Engineering Technical

Services, Madison, WI). Sampled plots are eithemi®r 5 n12, depending on available

habitat area. The first habitat encountered afargtype is sampled at an access point,
with no consideration given its quality relativediher areas of the same habitat type.
Two plots of Type-I habitat are demarcated at esitel) and sampled at the standardized
rate of 0.67 i/min. Two plots of Type-Il habitat are measured aampled at the same
rate at half of the access points for a reach.

Stream Treatment Ranking

Population estimates of larvae and transformerganerated from QAS data

using the ESTR model (Christie et al. 2003). mBSTR model, total larval catch for
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each stream is adjusted to account for the effosieri the backpack electrofisher
(Steeves et al. 2003). Larval density is calcdldtg dividing this adjusted catch by the
total area sampled, and larval abundance is egtthiat multiplying the larval density by
the estimated habitat area of a reach. The pegjesize structure of the population at the
end of the growing season is forecasted from the Sructure of the sea lampreys
collected in QAS surveys using estimates of avedagjg growth rates and the length of
the growing season for each reach. The numbanade that will metamorphose in the
following year is estimated from the projected sueicture at the end of the growing
season and length-based equations describing dbalmfity of metamorphosis (Slade et
al. 2003, Christie et al. 2003). The number ofaneirphosing sea lampreys predicted to
be in a stream is multiplied by an estimate ofttresnt effectiveness for that stream to
yield the predicted number of transformers that idae killed if that stream were

treated in the following year (Christie et al. 2D03 he cost of treating that stream is then
divided by the predicted number of metamorphoseaylampreys that would be killed,
resulting in an estimate of cost per transformbedi Streams are ranked according to
this cost per kill estimate, with streams the loveest per kill estimate given the highest
priority for treatment. Streams are then seletdedreatment in order of treatment
priority until the control budget is exhausted.

Rapid Assessment Sampling

Larval Sampling

RA surveys were conducted to provide an index mllsabundance for each
stream to be used for comparisons among strearn) poovide actual larval population

estimates. All RA surveys were conducted afterusad.3". RA surveys were
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conducted at reference stations subjectively deteranby the managing agents to be
representative of the reach as a whole. The nupflveference stations sampled in a
reach was proportional to the weighted area ofaldmabitat in that reach. Weighted

larval habitat area (A) was calculated using thea¢ign:
A = LAP11+0*PT)) (1)
where L is the infested length of the reach, Whesdverage width of the reachk; i the

proportion of Type-I habitat, {3 is the proportion of Type-II habitat, andis the lake-

specific estimate of the ratio of larval densityTiype-II to that in Type-I habitats. All
estimates of reach-specific characteristics weseth@n QAS survey data collected from
1995 to 2004. Lake-specific density ratios welewated from larval densities in Type-
| and Type-II habitats collected in surveys durir@7-2004 and averaged across all

reaches for a given lake (M. Jones, Michigan Stetiersity, East Lansing, M,

unpublished data). Reaches with less than 50,(?(101 meighted larval habitat were
sampled at 2 reference stations, reaches with 800,000 i of weighted larval

habitat were sampled at 3 reference stations, eaxches with 200,000 i of weighted

larval habitat were sampled at 4 reference stati@ee was taken to avoid re-sampling

areas that had already been surveyed using QASQHAS survey at the same access
point was also conducted after Augus&h;LBoth surveys were performed on the same
day in different sampling plots adjacent to the sawocess point. If QAS had been
conducted before August Uf5the sampled areas were marked by flagging tagdwpan

recording the latitude and longitude coordinatesl, these previously sampled areas were

avoided when collecting RA samples.
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RA surveys were conducted using an ABP-2 backp&attroshocker. Reference
stations were sampled by a two-person crew; one srember sampled upstream and

the other downstream of the access point. Botlv anembers sampled for 15 min of
shocker time at a rate of 121min, resulting in a total of 30 #rof habitat sampled per

reference station. The area sampled was not nezgather, operators visually
estimated area sampled based on estimated elsbingfirates and time spent shocking.
The highest quality larval habitat available atreaccess site was sampled. All larvae
observed while shocking were captured and idedtibegenus. Identification and
measurement of larvae was carried out accorditige@rotocol of the management
agency conducting the assessment. Some larvaeawesghetized in the field using
MS222 and measured immediately to the nearest 1 @thners were preserved in 10%
formalin solution and measured72 hours later. If larvae were measured in it f
live lengths (LL) were converted to preserved lasdPL) using the equation

PL = (LL +6B4)/1.602 (2)
(Michael Fodale, United States Fish and Wildlife Service, Marquette, MlI, personal
communication).

Stream Treatment Ranking

Stream-specific estimates of larval growth rates$ gnowing season length from
the ESTR database were used to estimate the ldratbach larva collected in RA
surveys would have attained by the end of the grigweason. The total number of
larvae projected to be 200 mm in length by the end of the growing seasas summed
for each reach. This number was divided by tha aaenpled to calculate an index of

population density for the reach, and was theniplidt by the weighted habitat area of
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the reach to yield an index of abundance of lapE# mm. Weighted habitat area used
for calculating the RA indices of abundance welewated using equation 1; however,
in the calculations of the indices of abundanceeam-specific estimate af was used if
two or more estimates of densities in Tl and Thitets were available from the ESTR
database. If fewer than two estimates of habpatific densities were available, the
lake-specific estimate @ was used. Indices of abundance for individuatiea were
summed to arrive at a single index for each “tregthunit”; these units are composed of
one or more reaches in a stream and are predetrbjnmanagers to facilitate
treatment decisions. The cost of treating a uai divided by its index of abundance to
give a cost/kill ratio for larvae00 mm. Streams were prioritized for treatmenetam
this cost/kill ratio, where the unit with the lowesst/kill was given the highest treatment
priority.
Stream Treatment Selection

In each year of the study, | compared the twosassent methods by developing
two lists of streams: one in which streams wer&ednn order of treatment priority
based on QAS survey data, and a second based sy data. Only streams that
were surveyed using both RA and QAS methods wetaded in this analysis. Streams
that were selected for treatment on the basistafratriterid were not included in the
comparison. | then determined which streams wbeltreated based on the lists of
treatment priority generated from the results aheassessment method and the budget

available for control given the cost of conducteagh assessment method.

! Each year, some streams are ranked for treatrasetion criteria other than QAS, such as deep-water
survey techniques, the expert opinion of managers, survey data from past years. These streants wer
excluded from my comparison
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The monetary unit for sea lamprey control is tladf stay. To compare the
streams that would be treated based on each mgibex an equal overall budget (i.e.,
assessment and control costs), | assumed thaktaayrce savings gained from using RA
would be applied directly to the chemical controtiget, and would therefore allow for
the treatment of additional streams. Sea lampssgssment managers estimate that an
average of 14 staff days are required to surveaalr using QAS, and an average of 4.3
staff days are required to survey a reach usindJe#rey Sade, United Sates Fish and
Wildlife Service, Ludington, MI, personal communication). These average staff day
estimates were multiplied by the number of reacuegeyed in a given year to estimate
the cost in staff days of conducting assessmeimtfvade using each method. The
difference between these two staff day requiremsenged as the estimate of the
assessment staff days saved through the use ofTIRA .cost of an assessment staff day
does not equal the cost of a treatment staff day treatment staff days are the monetary
unit used in the selection of streams for treatng@avin Christie, Great Lakes Fishery
Commission, Ann Arbor, MI, personal communication). Therefore, after calculating the
number of assessment staff days saved througlstheflRA, this staff day estimate was
converted to treatment staff days using the codepfoying a person to the field to do
each type of work. The additional treatment sdaf§s available through the use of RA
were added to the number of staff days budgetethéotreatment of streams assessed by
QAS to determine which streams could be treatdieiiRA method were employed.
Because of concerns raised by sea lamprey managgensling whether or not
assessment savings generated from the use of R&l\&otwally translate into additional

resources to be used for treatment, comparisons &aleo made assuming that the RA
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savings would not be used to treat additional stsgand that an equal number of
treatment staff days would be available to tre@ashs regardless of which assessment
method was used.

Evaluation of Rapid Assessment

Comparison of rank lists

| used several methods to compare the two lists.cbrelation of the RA and
QAS ranks was calculated using Spearman’s ranleletion for all surveyed streams, as
well as for the subset of streams that would ramkreatment based on the RA results.
Population estimates of transformers and larvadigied by the ESTR model were
summed for all streams that would be treated basgtle QAS method and for all
streams that would be treated based on the RA miethibe RA population estimates
were calculated both with and without the additidreatment staff days allocated for
treatment based on savings from the RA survey® ratios of estimated transformers
and larvae that would be killed in RA streams twsththat would be killed in QAS
streams were calculated to give an index of théopmaance of RA relative to QAS. The
total labor costs (assessment + control) that wbalthcurred by treating each set of
streams and the ratios of RA to QAS labor cost®waso calculated. Assessment staff
days were converted to treatment staff days whisnleéing total labor costs.

Capture-Recapture

Capture-recapture studies were conducted in 20G8reams ranked for
treatment in 2005 as an independent means of comgtaie number of sea lampreys that
would be killed as a result of making treatmentisilens based on the two different

assessment methods. Under ideal circumstanceslgbop estimates of the number of
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sea lampreys present in a stream at the time athtent would be obtained from capture-
recapture studies on all streams that would haee belected based on one method but
not the other; the sea lamprey populations in stsstreated based on both lists are
irrelevant to this comparison because they wouict leeen treated regardless of which
method had been used. However, some streams wieselaoted for capture-recapture
despite ranking for treatment based on only onesassent method because agency
personnel did not believe it was feasible to condusuccessful capture-recapture
experiment, or because managers elected not talieeatream in the year following
assessment for practical reasons.

Metamorphosing sea lampreys do not reliably shoysishl characteristics of
transformation until late July to early August bétyear they begin to metamorphose
(Manion and Stouffer 1970, Youson and Potter 19T®)e to the high number of
streams requiring treatment and practical conggaihmanagement agencies, some
streams were chemically treated before the timewphgsical signs of metamorphosis
were visible. Therefore, it was not possible tousately determine the number of
metamorphosing sea lampreys killed as a resutiesfd treatments. In the absence of
information on metamorphosing sea lampreys, corapasi were made of the number of
larvae with a 50% or greater probability of metapimsing based on their total length as
determined by the ESTR model. For the upper laBepdrior, Huron, and Michigan),
larvae that were 144 mm had a 50% chance of mepdrmasing, and for the lower lakes
(Erie and Ontario) larvae that were 131 mm had% BBance of metamorphosing. The

number of larvae that were greater than or equiidse size cutoffs was used as a

23



surrogate for the number of metamorphosing seareyspn streams that were treated
prior to July 18

The ESTR model larval population estimates wesglis develop targets of the
number of larvae to mark and to collect duringttresnts in each stream. The target
number of sea lampreys to mark and recapture wiesated using the appropriate
nomograph for the desired precision of the popoiagéistimate from Figure 6 in Robson
and Regier (1964). The +/- 10% level of accuraag vargeted when possible, although
the +/-25% level of precision was considered a@dptif the effort needed to capture a
sufficient number of sea lampreys to achieve th&0fo accuracy level was prohibitively
high.

The predetermined number of larval sea lampragetad for marking were
collected using an ABP-2 backpack electroshockersthetized using MS-222,
measured (+/- 1 mm), marked by removing a portiomom-vascular tissue at the end of
the caudal fin, and revived in an aerated codkost samples were kept overnight to
observe any post-marking mortality. Upon revivagrked larvae were released
throughout the available habitat of the streamtvaa used for marking were collected
from the stream of interest whenever possible; vawdow larval densities and poor
collecting conditions in some streams necessitedddcting and marking animals from
nearby source streams and importing them intottidysstream. Streams were divided
into sections of approximately equal length tolfete the distribution of marking and
recapture effort. When sea lampreys from outsicass were marked and imported,
the projected size structure of the target streaseth on ESTR estimates was matched,

and marked larvae were distributed randomly througleach stream section in
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proportion to its area. When larvae were colleeted marked from within the source
stream, they were released in proportion to thexddnice of larvae captured in each
stream section. Marking was completed two weekaare in advance of anticipated
lampricide treatment date to allow marked animalsetlistribute evenly throughout the
population.

The recapture event took place within 24 hoursumipricide treatment. During
this time period, as many larval and metamorphdes®greys as possible were collected
by stationary fyke nets and by actively hand digpiith scap nets. Collection efforts
were distributed throughout the infested area efsineam. All collected larvae were
preserved in 10% formalin solution. Preserved laypmwere identified to genus,
examined for marks, measured (+/- 1 mm), classtfietthe appropriate life stage (i.e.
ammocete, transformer stage 1, transformer stagie:Xollowing Youson and Potter

1979) and counted.

The total sea lamprey populatioﬁlo of a stream was calculated using the
Chapman modification of the Petersen estimator€62882):

NZ(M +1)*(C+1) -1 (3)
(R+1)

where M=number of individuals marked, C= total n@mbf individuals in treatment
collection, and R=number of recaptured individualthe treatment collection. The
variance was estimated as:

2 *(C—
)=(M +D)“*(C+)*(C-R) 4)

V(N
(R+1)%* (R+2)

In streams that were treated after JuIﬁ?,lt!Ee number of metamorphosed sea lampreys

in each population was estimated as:
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Ny = KN+ CT (5)

where NT = the estimated number of metamorphosed sea I&mpﬁb: the Petersen

population estimate,{&the number of sea lampreys in the treatment dablec
exhibiting external signs of metamorphosis, andl@&=total number of individuals in the

treatment collection. Similarly, for streams iniafhthe treatment occurred prior to July
15th, the number of sea lampreys over the size at wséh or more would be expected
to metamorphose (large larvae) was calculated as:

. ~ C
NLL=N*% (6)

where N LL = the estimated number of large sea Iamprdgys,the Petersen population

estimate, ¢ _=the number of sea lampreys in the treatment dadlet¢arger than the

designated size, and C= the total number of indaislin the treatment collection. The

variance of the estimators of population propogiwras calculated as:
~ ~ C . C
V(Ny) = (N)2V (E2) +V(R) * (£%)? (7)
C C
where V(NX) = the variance of the proportion of interest, aith@r LL as appropriate;

N = the Petersen population estimateM:the variance of the Petersen population

& * (1_&)
estimate;v(%):%, the variance of the proportion of interest basedhe
binomial distribution; G=the number of transformers (T) or large larvae)(icL.the

treatment collection as appropriate; and C= tha tmimber of individuals in the
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treatment collection. Confidence intervals for @s¢imates were calculated using the
normal approximation:

(N, )+196% V(N ) (8)

| assumed that the capture-recapture estimategwd\an unbiased population

estimate at the time of treatment. The total nunatbeea lampreys, transformers, and
large larvae estimated from the capture-recaptudies was summed for the streams
that were treated based on RA only and for the ssdhat were treated based on QAS
only. The variances of these population estimat® also summed, and 95%
confidence intervals were calculated for the tptgbulations present in each set of
streams.

Results
Rank Lists and Streams Sdlected for Treatment

In 2005, 104 reaches in 56 streams were surveyrd bsth QAS and RA.
Based on the average number of staff days reqtorednduct each type of assessment
method, 1456 staff days were required to conduct QA4 7 staff days were required
to conduct RA on these reaches. Therefore, thefuRé resulted in a savings of 1009
assessment staff days. To convert these assesstaiéolay savings into staff days to be
used to treat additional streams, a conversiomfaxftl.00 assessment staff day per 0.65
treatment staff days was used based on the diffecst$ of each activityGavin
Christie, Great Lakes Fishery Commission, Ann Arbor, MI, personal communication).
This conversion resulted in an estimated 656 amthtitreatment staff days that would be
available to treat additional streams if the RA metwvere used for assessment. In 2006,
68 reaches in 46 streams were surveyed using bothaRARA, with a cost of 952

assessment staff days to conduct QAS and 292 stadftdaconduct RA. The use of RA
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resulted in a savings of 660 assessment staff day9 treatment staff days to be used
to treat additional streams.

The 16 top-ranked streams from the QAS treatmefktlrstnwere selected for
treatment in 2005 using the baseline level of tnegit effort of 1409 treatment staff days
(Table 1). This baseline level of treatment effeftects only the number of staff days
needed to treat streams that ranked for treatnretitebasis of QAS surveys; the actual
treatment budget is much higher than 1409 treatstefftdays, but includes the cost of
treating streams that ranked based on assessm#rade@ther than QAS. Given the
same 1409 treatment staff days plus the 656 additgtaff days available from the use
of RA, 24 streams would be selected for treatmergdas the RA rankings (Table 1).
Of these 24 streams, 11 would be treated regardieglsich assessment method was
used. Thirteen streams would be treated only basd¢lde RA method, and three streams

would be treated only based on the QAS method (Tgble 2
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Tablel. Streams that would be selected for treatment baseither assessment method
in 2005, the rank of treatment priority based ond® QAS, whether or not the stream
would be selected for treatment based on the diffexesessment methods, and the ESTR
model population estimates for larvag JMnd transformers (y. Streams are placed in
order of RA ranking and only streams that would bected for treatment based on at

least one method are list

Treated
RA RA
(extra  (equal
RA QAS staff staff
Stream Name Rank Rank QAS days) days) NL NT

Garden River (entire) 1 11 X X X 641,883 1,281
Oshawa Creek (entire) 2 1 X X X 47,339 19,791
Millecoquins River (Furlong) 3 2 X X X 31,236 1,949
Cloud River (entire) 4 4 X X X 17,908 1,840
Chocolay River (entire) 5 6 X X X 407,574 1,933
Mindemoya River (entire) 6 10 X X X 31,215 280
Au Train River (upper) 7 13 X X X 58,059 737
Traverse River (entire) 8 18 X X 137,697 491
Sucker River (entire) 9 14 X X X 40,167 1,463
Pere Marquette River (no

Middle) 10 12 X X X 145,960 3,860
Betsie River (below barrier) 11 34 X X 157,020 234
Carp River (entire) 12 9 X X X 23,265 403
Boyne River (mainstream) 13 45 X X 114,767 59
Kaministiquia (entire) 14 20 X X 748,191 1,671
Trail Creek (entire) 15 17 X X 5,084 986
Platte River (middle) 16 27 X X 50,281 158
Jordan River (entire) 17 26 X 139,858 665
Red CIiff Creek (entire) 18 30 X X 2,205 43
Crow River (entire) 19 5 X X 23,782 695
Whitefish River (entire) 20 16 X X 218,965 2,479
Beaver Lake Creek (Lowney) 21 39 X 3,982 19
Trent River (Mayhew Creek) 22 3 X X 27,796 910
Saginaw R. (Big Salt, Bluff,

Home) 23 21 X 58,153 1,254
Lindsey Creek (entire) 26 19 X 7,306 323
Lincoln River (entire) 27 15 X 13,431 1,086
Little Munuscong River
(entire) 32 8 X 49,137 1,018
Big Munuscong River
(Taylor) 55 7 X 14,583 514
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Table 2. Streams that would be treated based oresléts of one assessment
method but not the other in 2005 given the allaratf 659 additional staff days for
treating streams ranked by RA. The top panel shba/streams that would rank for
treatment based on RA, not QAS, and the bottom paoelsthe streams that would
rank for treatment based onQAS, not RA. The ESTR latipn estimate of
transformers and larvae are shown for each strelamg avith the sum of the number
of transformers and larvae present in each sdtedrss.

RA only
ESTR ESTR
QAS RA Transfor mer larval
rank rank Name estimate estimate
18 8 Traverse River 491 137,697
34 11  Betsie River 234 157,020
45 13  Boyne River 59 114,767
20 14  Kaministiquia 1,671 748,191
17 15  Trail Creek 986 5,084
27 16  Platte River (middle) 158 50,281
26 17  Jordan River 665 139,858
30 18 Red CIiff Creek 43 2,205
39 21 Beaver Lake Ck 19 3,982
21 23  Saginaw River (Big Salt, Bluff, & Home Drain) 1,254 58,153
19 26  Lindsey Creek 323 7,306
TOTALS 5,902 1,424,543
QAS only
ESTR ESTR
QAS RA Transfor mer larval
rank rank Name estimate estimate
7 55  Big Munuscong River (Taylor Ck) 514 14,583
8 32  Little Munuscong River 1,018 49,137
15 27  Lincoln River 1,086 13,431
TOTALS 2,619 77,152

In 2006, the 21 top-ranked streams from the QASrtreat rank list were selected for
treatment using the baseline treatment effort levdl735 treatment staff days (Table 3).
Again, this effort level reflects the cost of tregtionly the streams that were ranked
based on current QAS transformer estimates; streamked through other methods were
excluded from the calculation of treatment cosksven the same 1735 treatment staff

days plus the additional 429 additional staff dayailable through the use of RA, 29
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streams would be selected for treatment based dRAhmnkings (Table 3). Of these 29
streams, 19 would be treated based on the QAS resultell. Ten streams would only
be selected for treatment based on RA results,vandtreams would be selected for

treatment only based on QAS results (Table 4).
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Table 3. Streams that would be selected for treatment bais@ither assessment
method in 2006, the rank of treatment priority lthge RA and QAS, whether or not
the stream would be selected for treatment basekeodifferent assessment methods,
and the ESTR model population estimates for latiag and transformers ().
Streams are placed in order of RA ranking, and strtBams that would be selected
for treatment based on at least one method aeallist

Treated
RA RA
(extra  (equal
RA QAS staff staff
Stream Name Rank Rank QAS days) days) N, Nt
Bighead River (entire) 1 1 X X X 1,705,376 80,899
Bad River (fall-sturgeon) 2 3 X X X 1,795,270 18371
Poplar River (entire) 3 23 X X 56,502 228
Platte River (entire) 4 10 X X X 1,210,067 4,157
Fishdam River (entire) 5 34 X X 26,352 26
Coldwater Creek (entire) 6 12 X X X 92,139 567
Augres River (entire) 7 11 X X X 272,453 3,015
Sturgeon River (entire) 8 7 X X X 12,602 4,933
White River (main and N.
Branch) 9 6 X X X 30,642 10,611
Galloway Creek (entire) 10 41 X X 226 1
Middle River (barrier down) 11 8 X X X 28,694 782
McKay Creek (entire) 12 4 X X X 24,522 2,943
Cypress (entire) 13 14 X X X 40,029 434
Cheboygan River (Maple) 14 17 X X X 46,112 637
Good Harbor Creek (main) 15 31 X X 38,351 38
Wolf River 16 29 X X 24,210 92
Long Lake Creek (lower) 17 5 X X X 30,571 1,286
Kalamazoo River (Mann) 18 19 X X X 1,387 93
Cheboygan River (Pigeon) 19 15 X X X 90,341 2,092
Martineau Creek (entire) 20 16 X X X 1,684 166
Neebing-Mclintyre Floodway 21 28 X X 28,269 148
Au Sable River (lower) 22 39 X 146,110 27
Boyne River (main) 23 32 X X 274 25
Saginaw River (Carroll
Creek) 24 24 X X 621 141
Cedar River (main) 25 21 X X 261,516 1,308
Swan River (entire) 26 20 X X X 148,364 601
Pentwater River (North,
Cedar, Crystal) 27 2 X X 77,418 8,491
Rouge River (entire) 28 25 X 334 154
Grand River (Norris, Rhymer,
Sullivan) 30 9 X X 1,195 744
Grand River (Sand) 41 18 X 1,279 521
Bark River (entire) 46 13 X 85,694 718
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Table4. Streams that would be treated based on the regudtse assessment
method but not the other in 2006 given the all@ratf 416 additional treatment
staff days for treating streams ranked by RA. Tpepanel shows the streams that
would rank for treatment based on RA only, and th&obo panel shows the streams
that would rank for treatment based on QAS only. ES&R population estimate of
transformers and larvae are shown for each strdamg avith the sum of the number

of transformers and larvae present in each sdtedrss.

RA not QAS
ESTR ESTR
RA QAS Transfor mer larval
rank rank Name estimate estimate
3 23  Poplar River (entire) 228 56,502
5 34  Fishdam River (entire) 26 26,352
10 41  Galloway Creek (entire) 148 28,269
15 31  Good Harbor Creek (main) 1 226
16 29  Wolf River 38 38,351
21 28  Neebing-Mcintyre Floodway 92 24,210
22 39  Au Sable River (lower) 27 146,110
23 32  Boyne River (main) 25 274
24 24 Saginaw River (Carroll Creek) 141 621
28 25 Rouge River (entire) 154 334
TOTALS 878 321,248
QAS not RA
ESTR ESTR
RA QAS Transfor mer larval
rank rank Name estimate estimate
41 18 Grand River (Sand) 521 1,279
46 13  Bark River (entire) 718 85,694
TOTALS 1,239 86,974

For each year of the comparison, | also considéredreatment scenario with an

equal number of treatment staff days budgetecett streams ranked by either method.

Under this equal treatment staff day scenario, B62Q7 streams would be treated based

on the RA rankings (Table 1). Ten of these 17 stee@ould be treated regardless of

which assessment method was used. Seven streamslvedudshited only based on the

RA results, and an additional six streams would éatéd based on the QAS results only.

In 2006, 24 streams would be treated based on theaRéngs, 16 of which would be
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treated regardless of which assessment method wedgTable 3). Eight streams would
be treated based only on RA, and five streams woalltidated based only on QAS.

The RA and QAS rankings of the full set of 56 streamseyed in 2005 were
significantly correlated (Spearman’s rank correlatr 0.67, p<0.001, Figure 2). The RA
and QAS ranks of the subset of 24 streams that wmaitdeated based on the RA results
with the allocation of 659 additional staff days2@05 were also significantly correlated,
although the correlation was not as strong (Spedsmank correlation = 0.50, p<0.02,

Figure 3).
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Figure2. Correlation between QAS and RA rank for the 56 steesurveyed with both
methods in 2005. Stream rankings were signifigacttrelated (Spearman’s rank
correlation = 0.67, p<0.001). Open circles represgrams treated based on both
methods, dark squares represent streams treated tashe RA ranking only, open
triangles represent streams treated based on thdiQA®Bly, and X’s represent streams
not treated based on either method. The dashedhndicates perfect (1:1) correlation.
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Figure 3. Correlation between QAS and RA rank for the 24 stsethat ranked for
treatment based on RA results in 2005 with additistedff days allocated to treat RA
streams. Stream rankings were significantly coreel§Spearman’s rank correlation =
0.50, p = 0.02). Open circles represent streamseiiedbased on both methods, and dark
squares represent streams treated based on thenRAganly. The dashed line
indicates perfect (1:1) correlation.

The RA and QAS rankings of the full set of 46 streamyeyed in 2006 were
also significantly correlated (Spearman’s rank elation = 0.56, p<0.001, Figure 4).
The rankings of the subset of 29 streams that woeldleated based on RA given
additional staff days for treatment were not siguaifitly correlated (Spearman’s rank
correlation = 0.29, p=0.13) although the 24 strettratwould be treated based on RA

given equal staff days for treatment were signifigacorrelated (Spearman’s rank

correlation = 0.44, p = 0.03, Figure 5).
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Figure4. Correlation between QAS and RA rank for the 46 steesumnveyed with both
methods in 2006. Stream rankings were signifigacttrelated (Spearman’s rank
correlation = 0.56, p<0.001). Open circles represgrams treated based on both
methods, dark squares represent streams treated tashe RA ranking only, open
triangles represent streams treated based on thdiQA®Bly, and X’s represent streams
not treated based on either method. The dashedhndicates perfect (1:1) correlation.
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Figure5. Correlation between QAS and RA rank for the 24 steetvat ranked for
treatment based on RA results in 2006 with equal dgafs allocated for treatment of RA
streams. Stream rankings were significantly coreel§Spearman’s rank correlation =
0.44, p = 0.03). Open circles represent streamseildbased on both methods, and dark
squares represent streams treated based on thenRAganly. The dashed line
indicates perfect (1:1) correlation.
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Comparison of ESTR Population Estimates

If the staff days saved by using RA were used td additional streams, the total labor
costs (assessment + control costs) of using eatthooh@vould be equal. Under this
scenario, based on the ESTR model single-year ptipulforecasts, in 2005 the use of
RA would allow for 1.1 times as many transformers a@dtimes as many larvae to be
killed as compared to the QAS method (Figure 6)2086, under equal labor costs, the
RA method would allow for the same amount of transtmsyand 4% more larvae to be

killed as compared to the QAS method according toRE8ibdel predictions (Figure 6).

RA value/QAS value

Labor Cost Transformers Larvae

Figure6. The ratio of RA values to QAS values for labor dassessment + control
costs), total estimated number of transformergdjland total estimated number of
larvae killed when additional treatment staff dagesallocated to treat streams ranked by
RA. Light bars represent 2005 values, and dark tegmesent 2006 values. Total
transformer and larvae estimates were the sum qfdpelation estimates generated by
the ESTR model for all the streams that would batéid based on the results of each
assessment method. Dashed line indicates whereAlam® QAS values are equal;
above this line, RA values are higher, below thie [AS values are higher.

If the staff days saved by using RA were not usddett additional streams, the
labor cost (assessment + control cost) of usingA®Ald be approximately 30% less than

that of using QAS in 2005. Under this scenario, basethe ESTR model single-year
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population forecasts, the use of RA would allow f& times as many transformers and
1.5 times as many larvae to be killed as comparede QAS method (Figure 7). In
2006, if the staff day savings generated by RA wetaused to treat more streams, the
labor cost of assessment and treatment of RA woulthpeoximately 20% less than that
of QAS, resulting in 0.9 times as many transformears approximately the same number

of larvae killed as compared to the QAS method (Fg0r
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Figure7. The ratio of RA values to QAS values for labor dassessment + control
costs), total estimated number of transformergdjland total estimated number of
larvae killed when equal numbers of treatment stayfs are allocated to treat streams
ranked by RA and QAS. Light bars represent 2005 gaked dark bars represent 2006
values. Total transformer and larvae estimate® wWesx sum of the population estimates
generated by the ESTR model for the streams thaldWamitreated based on the results
of each assessment method. Dashed line indicatee WieeRA and QAS values are
equal; above this line, RA values are higher, beluw line QAS values are higher.

Capture-Recapture
Streams were selected for capture-recapture froraghef streams that ranked on
the basis of one method of assessment, but natiee in 2005 (Table 2) to compare the

difference in the number of sea lampreys that wbeldilled as a result of making

treatment decisions based on RA or QAS. Becaus@utilcal constraints preventing
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capture-recaptures on all of these streams, atsabsgeams was chosen (Table 5).
Three streams were chosen from the 11 that wouldfaartkeatment based only on RA,
given additional staff days for treatment, (RA stney and 3 streams were chosen that
would rank for treatment based only on QAS (QAS strgarfbe accuracy of the
capture-recapture results for two streams (theeLtlinuscong and the Big Munuscong)
are suspect because neither the release of mankedla nor the recapture effort was
distributed randomly throughout the stream, andpthygulation estimates from these
streams should be treated as a minimum estimdterréitan an unbiased population

estimate.

Table5. Capture-recapture estimates of sea lamprey aboaedall life stages) for
the 6 study streams. M is the number marked,tBeisiumber collected in the
recapture event, R is the number of recapturesNaisdhe Petersen population
estimate. (95% Confidence intervals on N are shawedch stream, and ESTR N
represents the initial population estimate ofifal $tages of sea lampreys generated
by the ESTR model from QAS data.

95% ClI ESTR
RA streams M C R N L ower Upper estimate
Boyne River 2,012 5,321 107 99,195 80,763 117,628 14,806
Trail Creek 888 1,394 23 59,821 36,546 83,097 6,070
Betsie River 2,892 5,439 34 449,654 303,240 596,068 157,254
QAS streams
Lincoln River 1,458 1,730 30 81,468 53,494 109,441 14,517
Little Munuscong* 2,517 1,649 328 12,627 11,408 818, 32,280
Big Munuscong* 1,488 299 125 3,544 3,075 4,014 95,0

*Streams for which population estimates are suspgeetto non-random release and recapture of larvae

The initial ESTR model population estimate of tbel stream population falls
within the 95% confidence intervals of the captugeapture population estimate in only
one of the six streams (Table 5). The ESTR modpufation estimate for transformers
or large larvae does not fall within the 95% conficke intervals of the capture-recapture
population estimate for any of the six streams ([@@&). The summed capture-recapture

population estimates show that when RA savings a tasieeat additional streams, the
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RA streams contain more sea lampreys and more l@nege/transformers than the QAS

streams (Figure 8).

Table 6. Capture-recapture estimates for either transfar(ieror large larvae
(larvae > 144 mm, LL) for the 6 streams on whichteegrecapture was conducted
in 2006. Transformer estimates were only generfatestreams treated after July
15th, otherwise large larvae estimates were us&I.REestimates are of transformer
abundance if transformers were estimated in thaioaypecapture study, otherwise
the ESTR estimate is of large larvae abundanceeagbed by the ESTR model.

Proportion
Treatment Life- of Nt 95% CI ESTR
NasT or
RA streams Date stage LL or N, lower upper edtimate
Boyne River May 23, 2006 LL 0.002 224 91 357 0
July 29-Aug 2,
Trail Creek 2006 T 0.081 4818 2,782 6,854 986
Betsie River Sept 8, 2006 T 0.014 6,283 3,803 8,764 234
QAS streams
Lincoln River  July 5-6, 2006 LL 0.010 801 333 1,268 1,519
Little June 28-29,
Munuscong* 2006 LL 0.050 636 489 782 396
Big June 27-28,
Munuscong* 2006 LL 0.067 237 132 342 448

Streams for which the population estimates areeigfue to non-random release and recapture of
larvae
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Figure8. The sum and 95% confidence intervals of the ¢aptecapture population
estimates for a) the total (larval + transformerpylation estimates, and b) the large
larvae/transformer population estimates for theastrs that ranked on the basis of RA
only (RA streams) and QAS only (QAS Streams) with amlatl treatment staff days
allocated for the treatment of RA streams. Thd Rfapopulation estimates include the
populations of 3 RA streams out of the 11 that rdrik@sed on this method and not based
on QAS, and the total QAS population estimates incthdgoopulations of all 3 QAS
streams that ranked based on this method and sedlmn RA. Confidence intervals are
calculated from the summed variance estimateseofitfee streams used in each
category. Population estimates in two of the tIQA& streams are potentially
underestimated due to non-random release of mankiadals and non-random recapture
events (see text for further explanation).

Discussion
The acquisition of knowledge to inform decision-raakabout the optimal course

of action is a common goal of scientific inquir@ften it is assumed that the more
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knowledge acquired, the better the decisions will Hewever, in situations of limited
resources, that increased knowledge can come akgiense of the ability to carry out
the very actions the increased knowledge was intetadedorm. When resources are
limited, it is important to analyze the trade-offtlveen resources used to assess a system
and resources used to carry out management actinitise case of sea lamprey control,
streams are chemically treated to Kill larval seagreys to achieve management goals.
Assessment is needed to inform managers which stréfamested, would provide the
greatest benefit to the lamprey program in termseaflampreys killed. Finding the
optimal balance between resources spent on thesseent and resources reserved for
treating streams requires testing alternative fraomks of resource allocation and
monitoring the consequences. In this researchyé bested one such alternative method
and observed the consequences in terms of therstridsat would be selected for
treatment and the estimated number of sea lamginaysvould be killed. After two

years of conducting RA and QAS concurrently, | havectuded that the use of RA to
assess and select streams for treatment allows m@n@gkill more sea lampreys at
equal or lesser costs to the GLFC. While findimg dptimal balance of assessment and
control resources will require further inquiry, thee of RA is an improvement over the
current allocation of resources.

On average, RA surveys cost about 70% less than Q¥¥8ysuto conduct. |
expected the RA surveys to be less accurate thaQAl&surveys given the lower level
of effort needed to conduct them, and the ratiobal@nd conducting the RA surveys
was that this loss of accuracy would be compensatedith additional resources

available to treat streams. However, | found thatitifiormation obtained from the two
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types of surveys in terms of the ranking of stréssatment priority was similar despite
the lower costs associated with RA. In 2005, base®finent decisions on the RA data
would result in the treatment of all but three & #treams that would be treated under
QAS, with the addition of 11 more streams under thdiRA In 2006, the use of RA
would result in the treatment of all but two of tlieeams that would be treated under
QAS, and ten additional streams would be treated uR8erQualitatively, RA is more
cost effective in terms of the number of streanadldws managers to treat, and not much
information is lost in using RA since the majoritystreams that rank for treatment under
QAS also rank under RA.

Using the ESTR model population estimates as & bascomparison, under
equal labor costs to the sea lamprey program,sbetiRA results in at least as many, if
not more transformers and more larvae to be kilheth does the use of QAS (Figure 6).
Even if the savings resulting from the use of RAevweot used to treat more streams, the
use of RA still results in almost as many transfasyand larvae killed as compared to
streams treated based on QAS (Figure 7). These B&3$&d estimates of the relative
performance of RA are conservative, because thegearerated from the QAS surveys
on which the QAS rank list is based, and thereforetailtl to favor the QAS surveys. In
calculating the relative costs of the two assessmetihods, chemical costs of treating
streams were not included. Currently, the sea lagnpontrol program possesses a
surplus of lampricide chemicals used to treat stieaand therefore chemical costs are
not a limiting factor in selecting streams for traant Gavin Christie, Great Lakes
Fishery Commission, Ann Arbor, MI, personal communication). However, if RA were to

be adopted by the GLFC and on average more strpamgar were to be treated, the
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cost of lampricide may become a limiting factafrinlthe future RA is adopted, some of
the savings generated through the use of RA may todeel used to purchase additional
lampricides, reducing the number of additionalastne treated.

The capture-recapture portion of this study wasndéed to provide an additional,
independent means of comparing the benefits of mgadtécisions based on the two
assessment methods. By conducting capture-reeaptuall of the streams that ranked
for treatment on the basis of only QAS (QAS streahsjpected to be able to quantify
the lower bound of the number of larvae or transersthat would have to be killed
based on the RA method in order for it to outperf@&S. | also conducted capture-
recapture studies on three of the eleven streaatsahked for treatment based only on
RA (RA streams). If the capture-recapture populagistimates were unbiased, | would
simply sum the population estimates for all three @&8ams, sum the population
estimates for the subset of three RA streams, amghace the two totals. If the total
population for the RA streams were higher, | woulattefident that making treatment
decisions based on RA would allow managers to killensea lampreys, especially given
that there are eight additional streams that woalttéated based on only RA that would
contribute to the total number of sea lamprey®4ill If this method is followed, it is
clear that at least in the first year of the studgye larvae and more transformers would
be killed if streams were treated based on thetesliRA rather than QAS (Figure 6).

Unfortunately, the estimates obtained from the aa&ptecapture studies on the
Little Munuscong and Big Munuscong Rivers, twolod three streams that rank for
treatment based on only QAS, were suspect becausemtié release of marked

animals nor the recapture effort was distributedlocanly throughout the streams. The
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accuracy of a capture-recapture population estinegpeires that either the marked
animals or the recapture effort are randomly disted throughout the population being
sampled (Ricker 1975). In these two streams, thkedaanimals were highly
concentrated in certain areas, and the subsegeeagiture efforts were also generally
concentrated in these same areas. Violating thergsn of equal distribution of
marked animals amongst unmarked animals in a Gapdgapture experiment,
particularly when the recapture effort is also urs@und focuses on these same
concentrated areas, can result in a high propoaianarks collected on the second
collection event and hence a low population estim&tar these two streams called into
guestion because of the marking methods, the popuolestimate obtained from the
capture-recapture experiment was significantly lotwan that generated by ESTR (Table
6). Because one of the major assumptions of aiepécapture experiment was violated
for these two streams, their population estimateaaiabe treated as unbiased.

In the absence of a reliable population estimaté¢hfese two streams, the
comparison of the number of sea lampreys killeccdas the two methods becomes
more equivocal. However, assuming that the populastimates for the Little
Munuscong and Big Munuscong rivers are uninforngatsome level of comparison is
still possible. The combined larval and transfarpapulations of these two streams
would have to be approximately 528,000 (11 timegdathan their combined ESTR
model population estimates) for the total populatdthe 3 QAS streams to equal that of
the 3 RA streams. While this seems unlikely, nas impossible, especially given the
capture-recapture results of this and another sf8theves 2002), which showed that in

some cases the capture-recapture population esSmagre eight to nine times higher
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than the ESTR population predictions. However, tlaeeeeight additional streams that
would be treated on the basis of RA and not QAS witHasearey populations that will
also contribute to the total number killed in RAesims. Given the populations estimated
from the capture-recapture studies and the existehthese eight additional RA streams,
it seems reasonable to conclude that the use duR¥eys to rank streams for treatment
and the subsequent treatment of those streams werutt in higher total numbers of sea
lampreys killed than the use of QAS.

A similar situation exists when comparing the nunifdarge
larvae/transformers that would be killed if treattn@@ecisions were based on RA or
QAS. The subset of three RA streams have almost $enea as many large
larvae/transformers as the full set of three QASastie and there are still eight RA
streams for which | have no capture-recapture ptipal@stimates. Assuming we know
nothing about the number of transformers in théd_dr Big Munuscong Rivers, they
would need to contain over 10,000 transformers @pprately nine times the ESTR
model transformer estimate for these streams) talefjose in the subset of RA streams
for which we have data. Coupled with the fact thate are eight additional RA streams
that would contribute to the total number of tramsfers killed as a result of treating
streams based on RA, this seems highly unlikelyer@fore |1 conclude that making
stream treatment decisions based on RA results vadlold managers to kill more large
larvae/transformers than would making stream treatmecisions based on QAS results.

In addition to providing a basis for comparisortled outcome of using an
alternative assessment method, the capture-reegpdyulation estimates also serve to

illustrate the inaccuracies that exist in the QAS BBAR population estimates despite
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their high resource demand. The capture-recapipalation estimates ranged from 0.9-
10 times the ESTR total population estimates, amah 0.5-27 times the ESTR large
larvae/transformer estimates. These results cgaride as a warning for managers
against putting too much confidence in ESTR poputagstimates; however, there are
reasons to approach these results with cautiofoulnof the six streams on which
capture-recapture experiments were conducted, thieechgea lampreys were imported
from an outside source stream. A major assumpfi@myp recapture study involving the
importation of marked subjects is that the behawfdhe marked imports must be
indistinguishable from that of unmarked membertheftarget population. Therefore,
this methodology should only be applied when theeeaglequate grounds for believing
that this assumption is a reasonable approximatioeality (Goudie 1995). This
assumption has not been formally evaluated fotamareys. We have reason to believe
that sea lampreys imported from other streams whidve the same as residents of that
stream, given the high survival rate of markedlaggreys even when kept in target
stream water, and given the agencies’ long histbkeeping larvae alive in a variety of
waters (effrey Sade, USFWS, Ludington, MI, personal communication). However, this
assumption has not been formally tested, and warfarther investigation.

In this study, | have implemented an alternatar@dl assessment and stream
treatment selection method, observed the resuttseiform of the set of streams that
would be selected for treatment, and compared thétseto those obtained from the use
of the current assessment method. In doing sayé mitiated an adaptive management
experiment that can provide insight into how to ioy& the balance of resources

allocated to sea lamprey larval assessment and tilmeated to control activities. This
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experiment is not a traditional example of adapthanagement, because the
management action of interest in this case is $sessment of a system. However, the
principles of adaptive management still apply (Wedt1986). An alternative
management action (assessment) was implementedaatearelevant to management
decisions, and the consequences of implementisgtition were monitored in the form
of the streams that would be selected for treatmévibnitoring these consequences have
shown that RA is a more efficient use of resourcesda lamprey control than QAS in
that it allows for more streams to be treated rexyih more sea lampreys killed at equal
program costs. The ESTR population estimates alen@nstrate that making stream
treatment decisions based on RA results in justasymf not more, larvae and
transformers killed than making stream treatmentsiens based on QAS results. While
not a complete or perfect picture, the captureptoa population estimates lend
additional support to this idea. This study wilhtiaue for one more year of RA surveys
and two more years of capture-recapture experimdtaowing the acquisition of these
additional data, it will be possible to more defirety determine the assessment method
that best serves the goals of sea lamprey manageameithe GLFC will be in a better
position to rationalize the assessment programtiiegtemploy.

The balance between resources spent to learnaborg a system and resources
spent to actually manage that system are applicaldéher natural resource situations.
Rapid assessment techniques have also been shdereftective in other systems
(Jones and Stockwell 1995, Metzeling et al. 2003, @uld potentially be applied even
more broadly. Detailed stock assessments of comatdisheries, evaluation of the

status of an endangered species, and determirerigehl location for reserves and
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protected areas are a few examples of situationhiich a conflict could exist between
resources allocated to learn more about the syatehmesources allocated to the
management, conservation, or protection of thatesys Based on the results found in
this study of sea lamprey management, it is noésearily always the best strategy to
allocate large amounts of resources to learn mei@® acting. Further research into the
optimal allocation of limited resources in sucluattons and the development of
strategies for determining the point at which addil information ceases to be valuable
will lead to better management of natural resouystesns. The use of adaptive
management to test new methods of assessment adoesllocation is a means
through which the optimal balance of resource demaad be determined, and should

be applied to other systems.
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CHAPTER TWO

DOESDEMOGRAPHIC VARIATION IN LARVAL SEA LAMPREYS

DETERMINE THE REGULARITY OF CHEMICAL TREATMENTSIN GREAT
LAKES STREMS?

| ntroduction

Variation in population abundance is widespread anfishgspecies, and
understanding how growth and recruitment affect élatons in population size is a
common and important goal of fisheries sciencel{Rdtild 1986, Houde 1987, Hilborn
and Walters 1992, Myers 2001). Variation in lifstbry parameters has been well
studied, both among species (Pauly 1980, Roff 198demiller and Rose 1992), and
among populations within species (e.g. HutchingsJames 1998, Shuter et al.1998,
Berg and Pedersen 2001, Purchase et al. 2005%. r@¢earch indicates that
understanding variation in demographic rates ssajrewth and recruitment among
populations can be used to improve managementi@elievVinemiller 2005). For most
fisheries, knowledge of population variation is usedevelop better harvest strategies;
however, in the case of an undesirable fish speaeesunting for differences in
demographic rates among populations can also liktassed suppression and allow for
more effective use of resources in controlling gecies. Variation in recruitment and
other demographic rates is common among vertepesiespecies, and accounting for
this variation and that of other demographic ratasinfluence the effectiveness of
control efforts on these and other species (e.gaan rabbitryctolagus cuniculus,
Twigg and Williams 1999; great cormorar@halacrocorax carbo sinensis, Frederiksen

et al. 2001, sea lampreyRetromyzon marinus , Jones et al. 2003; ca@yprinus carpio
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L., Brown et al. 2005; and brushtail possuifrschosurus velpecula, Ramsey 2005) .
However, as in desired fish populations, often tinesation in recruitment that is
essential for successful management is not well ngtmtzd.

Sea lampreysHetromyzon marinus) invaded the Great Lakes in the 1920’s, and
their negative impacts on the native fish commuhéye been well documented (i.e.
Smith and Tibbles 1980, Youngs 1980, Heinrich e2@03). Adult sea lampreys spawn
in streams, where the non-parasitic larvae liveafoaverage of 3-7 years (Potter 1980),
although they can remain in streams for as marfy8agars (Manion and Smith 1978).
Upon completion of the larval phase, sea lampreysmaphose and migrate
downstream into large bodies of water, where theysg&a other fishes, often injuring
or killing the host. An early life history studyedtified stream-dwelling larval sea
lampreys as the life stage most vulnerable to cbpplegate 1950); in particular,
larvae undergoing metamorphosis (called transfagjrage the life stage on which
managers were encouraged to focus control effomsaximize efficiency (Smith and
Tibbles 1980).

Sea lampreys have been the focus of intensiveaaafforts since the early
1950’s (Smith and Tibbles 1980). The majority ohtrol efforts currently being used
target the non-parasitic, stream-dwelling larvadg#of sea lampreys through the
periodic treatment of streams with the lampricideifBsuromethyl-4-nitrophenol (TFM).
The application of TFM usually kills from 95-100%larvae present in the stream at the
time of treatment (Christie et al. 2003). Becadaseal sea lampreys remain in their
natal streams for several years before becomiragjigy, it is neither necessary nor cost

effective to treat every stream each year. Ratheatments should ideally be applied on
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a cycle that matches the duration of the larvakpha a given stream. However, natural
variability in recruitment, growth rates, and sualiwithin each stream results in
inconsistency in the length of time before streaamgiire treatment to prevent the
escapement of parasitic sea lampreys; therefobsessiof streams are assessed annually
to determine their need for treatment (Slade €2G03).

Assessment of larval, stream-dwelling lamprey popaiatis conducted to
provide managers with estimates of sea lamprey nigvaével size structure within
streams in order to direct stream treatments. dlassessment is a costly yet uncertain
process, and resources allocated to assessmenertéaise available to carry out control
efforts and research new methods of control. Algfnosome level of larval assessment
is certainly needed to direct stream treatmentgmnestudies have drawn attention to the
uncertainty inherent in the current assessmensardm selection process (Hansen et al.
2003, Steeves et al. 2003). The incorporationsibhcal data into assessment and
stream selection procedures may provide a meamadoagers to make effective
treatment decisions with minimal expenses on assagsthereby freeing up resources
to be used in other ways that could improve theallveffectiveness of the sea lamprey
control program.

For the purposes of these analyses, | considereal lsea lampreys within
different streams to be distinct populations, desihe fact that sea lampreys mix as one
population within the lake environment and do nanhkdo natal streams (Bergstedt and
Seelye 1995). In spite of this mixing during juiterand adult life stages, sea lampreys
spend the duration of their larval phase in theesatream, and demographic rates such

as growth and incidence of metamorphosis are knowliffer among streams (Hansen et
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al. 2003). Because genetic differences amongmtpegoulations are unlikely to exist
due to the absence of homing in sea lampreys, depbig variation among larval
populations is likely to be a consequence of ddifiees among stream environments.
Larval assessment surveys have been conductedtbamtae 1950’s to estimate
population levels and size structure, direct lagigd treatments to the appropriate
streams, and evaluate treatment effectivenessg®liaal. 2003). Despite the plethora of
historical data available, these data have nobgeh used to examine demographic
patterns in stream-dwelling sea lamprey populatiddsally, lampricide treatment cycles
should match the cycles of recolonization, growttd maturation of sea lampreys
following treatment events (hereafter referred tl@mprey production”) in individual
streams. Most lamprey-producing streams areddea a 3-5 year cycle, but streams
differ in the regularity with which large populatiooktransformers develop (Heinrich et
al. 2003, Lavis et al. 2003, Morse et al. 2003).other words, some streams are highly
regular in their cycles of lamprey production amea for treatment, while others vary
widely. Previous authors have suggested that @ifises in recruitment, growth, and
survival following lampricide treatments contributedifferences in treatment regularity
(Heinrich et al. 2003, Lavis et al. 2003); howevkese assertions have never been
formally tested. Through this research, | will testether streams with irregular lamprey
production and treatment cycles have more varigddaiitment and/or growth rates than
streams with naturally regular cycles of lampreydoiction. Understanding the
population-level causes of variation in lampreyduction could allow for better

prediction of the need for treatment in irregulgrtpducing streams, help to shape a
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more cost-effective and efficient assessment puregénd increase general
understanding of sea lamprey ecology.

Researchers and sea lamprey managers togethedikaled streams considered
for chemical control into four categories basedtair regularity of lamprey production
inferred from the historic regularity of chemicedatments and from the expert opinion
of assessment biologists who work on these stre&@ategory 1 streams are very
predictable in their lamprey production cycle aheit treatment schedule. These have
also recently been referred to as “expert judgmsti€ams, because decisions regarding
their treatment have been based on prior knowledldper than on assessment data.
Category 2 streams are somewhat variable in thaipiday production cycle and
treatment schedule, but can be somewhat predict&ldeegory 3 streams are highly
variable in their production of sea lampreys amedtiment schedule. Category 4 streams
are streams in which sea lampreys have been fouth ipast, but do not currently
support sea lamprey populations and are no lomgated.

This categorization was created in part to diresessment efforts to the streams
that need them most. Category 1 streams are likelyquire minimal or no assessment
to effectively predict their need for treatmentgdam the future managers could
potentially rely heavily on historical patternsnake treatment decisions for these
streams. Category 3 streams are likely to reghgenost assessment to determine their
need for treatment. As useful as these categmimatould be to direct assessment
activities, they were created in a subjective mamased on the expertise of sea lamprey
biologists. Before directing assessment resoypoeferentially to certain stream

categories, a formal evaluation of the demographgis for differences in variability in
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sea lamprey populations seems appropriate. Theléwagraphic processes that can be
examined using historical surveys are growth tohged recruitment to age-1 as
measured by catch per unit effort (CPUE). | hawedyaed data from historical surveys
conducted between 1959 and 2005 to determine whigthestream categorization is
supported empirically as demonstrated by the extst®f measurable differences in
growth and/or recruitment among stream categoimegarticular, | have looked for
differences in the variability of growth and recroént rates, as well as differences in the
mean growth and recruitment rates across streargaras.

This analysis of differences in growth and recreittwill i) assess the usefulness
of the stream categorization developed by mandgedirecting assessment activities, i)
determine whether growth or recruitment is the moneadrtant driver of lamprey
production, and iii) will help to shape an assessmeastocol that targets the larval stage
that is most influential in determining lamprey guation. For example, if differences
in lamprey production and treatment regularitydmeen by differences in larval
recruitment, larval assessment could focus on difglgtages, and the detection of a re-
established larval population of a certain threglsme within a stream could serve as the
main treatment selection criterion. Alternativefydifferences in growth rates are
associated with treatment regularity, treatmentdgles based on recruitment will be
less effective and larval assessment would moréylfkeus on later life stages. Further,
if sea lampreys from different stream categorié®din these vital demographic rates,
an understanding of these differences can allova foore cost-effective and efficient
assessment procedure by preferentially directisgsssnent resources to stream types

exhibiting higher levels of variation and highercartainty in their need for treatment.
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Finally, this type of analysis could serve as aprsor to the use of a more formal
Bayesian approach to selecting streams for tredtrnmewhich managers could calculate
an expected larval population based on prior suweey patterns to be used in
combination with current assessment data.
Methods
Historical Survey Data

Over 30,000 larval sea lamprey assessment survegsomaducted between 1959
and 2005 by the United States Fish and Wildlife Ber®lUSFWS) and the Department of
Fisheries and Oceans, Canada (DFO). | obtained shéts®f subsets of these surveys
determined by the timing criteria described belomgd analyzed them separately for
larval growth and recruitment. Several types ofdhassessment surveys exist (i.e.
index surveys, Quantitative Assessment Surveys, lbéotion surveys), and all types
were initially obtained from the USFWS and DFO. Onlg-4Agndividuals were used for
these analyses because it was difficult to diststyoeliably between older age-classes of
larval sea lampreys based on length-frequencydriatos; however, generally the first
two age classes are more clearly separable (P@8€).1 To increase the likelihood of
only age-1 and younger larvae being present irsaassment collection, only surveys
that followed fall lampricide treatments were usethiese analyses, since treatments that
occur in the fall are more consistent than springummer treatments in their elimination
of that year’s recruitd). Cuddy, Department of Fisheries and Oceans, Sault Se. Marie,
Ontario, personal communication). Surveys that took place two years after fall
treatments were selected for analysis becauserth@fiportunity for a year class to re-

establish after a fall treatment is in the sprihthe year following treatment, and two
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years after the treatment that year class wouldybela At the time of these surveys, the
streams should have contained a maximum of twogtaases (age-0 and age-1).
However, streams might have also contained residaalasnpreys that survived the
lampricide treatment. | examined length-frequenisyograms for each stream and year
to determine which individuals were age-1 and shbelthcluded for further analysis.
Streams with two or more years of survey data th#hdi timing criteria were included in
this analysis. No surveys from Lake Erie were inetlith any analyses due to the
paucity of data from Lake Erie stregns
Recruitment Analysis

Recruitment was analyzed using a relative measureofi@atch per unit effort
(CPUE). To standardize for effort, | only used ixnderveys to calculate CPUE,
resulting in a total of 900 surveys collected ifb 3ream-years for this analysis. Index
surveys have been conducted at the same acces$s fooimany years with a relatively
consistent level of sampling effort. The CPUE valsed as an index of recruitment for
each stream-year was calculated using the totabeunf age-1 sea lampreys caught in
all the surveys in a given stream-year dividedHhgytbtal time (in hours) spent
electrofishing to collect them (meter time). Sosoeveys reported effort as “collecting
time”, which is a measure of total time spent atarather than time spent
electrofishing. These measures of collecting timeee converted to meter time using a
conversion factor of 1.595 units of collecting tifoe every 1.0 unit of meter time,

developed by USFWS-Marquette sea lamprey controHddlale, USFWS, Marquette,

2 Chemical treatments have only been used in Laketfbutaries since 1986, and only two Lake Erie
streams had more than one year of data that fiirttieg criteria required for this analysis. Tlpigucity of
data made the establishment of patterns in vaniatigopulation level processes among stream ca&sgo
impossible.
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MI, unpublished data). Summary statistics of tatadised for the recruitment analysis

are shown in Table 7.

Table7. Summary of data used for recruitment analysis. dagh

category, the number of stream-years of data, tloé 86casions

in which zero recruitment was observed, and the raedrstandard

deviations of the non-zero catch per unit effoftiea are shown.
CPUE (catch/hr)

Category N % zero recruitment mean* SD*
1 158 10.13 50.7 61.7
2 43 16.28 35.1 38.6
3 76 14.47 30 40.8
4 28 57.14 10.5 9.7

* = mean and SD are calculated for only non-zer€JERalues.

The recruitment analysis was conducted as a twopstagess using the delta
approach (Maunder and Punt 2004). First, diffeesraamong stream categories in the
probability of occurrence of an age-1 year clagh@second year following a chemical
treatment were analyzed using a binary responsabtarindicating whether any age-1
sea lampreys were caught in the surveys (yes = £;0)0 Then, non-zero CPUE values
were examined for differences in mean CPUE as welagation in CPUE among
stream categories.

Probability of Successful Recruitment

The objective of this analysis was to determirdifferences exist among stream
categories in the establishment of a cohort follgaime chemical treatment of a stream.
Streams with no age-1 sea lampreys collected tweyelowing a fall treatment were
assumed to have no recruitment, and recruitmentgsismed to have occurred in
streams with one or more age-1 sea lampreys calle®ecruitment events (no

recruitment = 0, recruitment event=1) were modekadgigeneralized linear mixed
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effects models with a binary response variable aogialink function (Schall 1991). In
addition to stream category, the lake into whickr@asn flows was included as a
potential fixed effect in the model. For this arsad, fixed effects were selected prior to
random effects due to the inability of the modetomverge with all fixed effects and
random effects included. After the fixed effectsisture was determined, the
significance of stream and year as non-nested raredfects was evaluated. After the
model that best explained the data was selectedabildy of successful recruitment and
95% confidence intervals were calculated from thamp&ter estimates using the logit
link function (Faraway 2006).

Analysis of Non-Zero Recruitment

Analysis of mean CPUE

The objective of this analysis was to determineghigicant differences existed in
mean CPUE among stream categories. All CPUE valueso»weere modeled using
linear mixed effects models. Due to non-normalitgmwor terms, CPUE was
transformed prior to analysis. The data were hgakéwed, and error terms remained
non-normally distributed after using either a sguaot or cubed root transformation;
therefore, data were transformed using a quartdrtraoesformation, resulting in
normally distributed residuals. To account for fioteependence in recruitment data,
stream and year were tested as potential non-nesmtedm effects. Stream category and
lake were included as potential fixed effects. TitHemodel against which other models

were tested was:
Yjkimn = Bo* B1j+ Bok+bl +bm* € jkimn (9)

j=1,...,4;k=1,...5;1=1,....95;m=1,...,44,n=1,...,255;
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b ~N@©02), by ~N©.03), &jkm ~N©.02),
where Y jkimn is the quarter-root transformed CPUE from streaary, [, is the

overall mean CPUE or intercepfy j is the fixed effect of stream categgry5o is the

fixed effect of lakek, by is the random stream effegy,is the random year effect, and

‘gjkl mn Is the unexplained residual error. All randoneet§ and error terms were

assumed to be normally distributed with a meareod and a variance estimated by the
model.
Analysis of variation in CPUE

The objective of this analysis was to determfrggream categories differed
significantly in recruitment variation. After seteng the best model to describe mean
CPUE (above), differences in variation of CPUE aghoategories were tested by
modeling standard deviation ratios of the withiougy errors using variance covariates
(Pinheiro and Bates 2000). The same fixed andaraneffects selected in the analysis of
mean CPUE described above were used in this mddh.error structure in the variance

components model was represented by:

~N(0,0252), (10)

£ ikimn j

wherej =1,...,4. £j is the residual error for each sample from streatagoryj, and Jj

is the variance component estimated for streangoag¢. In order to achieve
identifiably of all parameters, restrictions mustfgdaced ornd . The variance component

of the first category was held constant at ode<1), and the estimates of the other
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variance components represent the ratio betweanstid@dard deviations and the
standard deviation of the first stratum (Pinheind 8ates 2000).

Categories were determined to have significantfem@nt levels of variation in
CPUE if the model allowing different levels of vamnce modeled for each category was a
significantly better fit to the data than the mod#&h a constant level of variance for all
stream categories. The relative fit of the two eledo the data was assessed using a
likelihood ratio test¢=0.05).

Growth Analysis

A total of 2405 larval assessment surveys thaectdd 60,281 age-1 larvae were
chosen that took place two years following falbtraents. All types of larval assessment
surveys were used for the growth analysis, regultirmore surveys available for
analysis than in the recruitment analyses. Theastis and individual sea lampreys
included in this analysis are summarized in Tabl€H& preponderance of Category 1
streams in the dataset was due to the higher nuafilseirveys that fit the timing criteria
on these types of streams that are by definitieatéd more regularly than other

categories of streams.

Table8. Summary of data used for growth analysis. Timaler of

streams falling in each category, number of indiaidsea lampreys collected
from each category, the mean length, standard tlewiaf length, and

mean DOY on which a survey was taken are shown.

Length (mm)
Category N streams Nindividuals Mean SD mean DOY
1 57 46310 4452 12.08 216.75
2 21 5158 4450 13.88 208.16
3 30 6455 42.80 12.07 216.80
4 8 2226 50.96 10.01 223.21
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Analysis of mean length at age-1

The aim of this statistical analysis was to detesmf significant differences
existed in mean length at age-1 among stream aasgd evaluated differences in mean
length using linear mixed effects models. Lengtls Veg transformed to correct for non-
normality and heteroscedasticity of residuals. Wieporting results, estimates of back-
transformed mean effect sizes were bias corre@educhamp and Olsen 1973). The
assessment surveys used for this analysis weraictatbetween May*land October
31%. The Julian day on which a survey was condudleg ¢f year, DOY) was included
as a continuous fixed effect in all models to cotrfer differences in length due to
different collection dates. DOY was centered atbthe mean survey DOY
(mean=216.3, N=60,281, sd=45.5) to avoid corretadimong estimates of random
slopes and intercepts (Pinheiro and Bates 2008jedgory was included as a potential
fixed effect in the model to test for differencesang stream categories in mean length at
age-1. The lake into which a streams flows was @msluded as a potential fixed effect.
Initially, all possible interactions among fixedesfts were also included as fixed effects.
However, the inclusion of category by lake and DijMake interactions caused models
to not converge. Therefore, these interactiongwet considered as potential fixed
effects in model selection.

Multiple streams from each category were samgad,within streams there are
often many subsections (reaches). Each streamathadst two years of survey data, and
in most cases more than one survey was conductadymen reach in a given year.
Multiple individuals were collected from each swveBecause of the hierarchical nature

of the data, nested random effects were includédamodel to account for the structure
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of the data and to correct for the lack of indepsrod among individuals from the same
stream, reach, year, and survey.

The full model against which other models wereeg$$ shown below. The
stream, reach, year, and survey ID in which a samwgls collected were tested as
potential random effects and all were nested withenext highest level. Random
slopes (representing the effect on the relationsbtpreen length and DOY) and random
intercepts were estimated for stream, year, anthfead random intercepts were

estimated for survey ID. The full model is reprgse by the equation:

Yijkimno = Ao * (B1¥ Ban +bj1+Djk 1 +bjd 1% + Ban* Baotbj2¥bjk,2
+bjk 2*bjkm* €ijkimno - (11)

bj1~N©.0P), bj2~N©0.05), bjk1~N(©0.03), bjk2 ~N(©.02),
bijk 1~ N(0,0'52), bji 2 ~ N(O,Jg), bijkim ~ N(O,Ug), Eijkimno ~ N(@©,02),
where Yijkimno is the log-transformed length of individual seapaeyi
(i:1,...,60281);6o is the overall mean length or interceg is the fixed day of year
effect for the day of yeax;j for individuali, centered around the mean day of year,;

Bonis the fixed interaction effect of category(n=1,...,4) by day of year )33, is the

fixed effect of category, B4, is the fixed effect of lake (0=1,...,4); bj is the random
effect of stream (j=1,...,118), wherebj 1 is the random slope artdj 2 is the random
intercept; bjk is the random effect of ye&mwithin streany (k=1,...,N), wherebjkl IS

the random slope arglji o is the random intercephiji is the random effect of reach
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within yeark and strean (1=1,...,Ny), Wherebjk| 1 is the random slope arbjj K2 is
the random intercept jkm is the random effect of surveynested within reach year
k, and stream (m=1,...,Nw); and ¢jjiimno is the unexplained residual error. All

random effects and error terms were assumed totmeatly distributed with a mean of
zero and a variance estimated by the model.

Analysis of variation in length at age-1

The aim of this statistical analysis was to testdifferent levels of variation in
mean length at age-1 among stream categories aogalakes. Preliminary analysis
showed that the relationship between stream cateayat variance in growth differed
among lakes. In order to test for differencesanation, different residual variances
were estimated for each level of a stratificatianiable (Pinheiro and Bates 2000). To
determine if the within group variance in lengthtage-1 differed significantly among
lakes, variance componendswere estimated for each lake using stream andh r@sc
random effects. To determine if within group vada in length at age-1 also differed
among stream categories within lakes, variancerces were then estimated for each
category and lake combination, again includingastrend reach as random effects. The

error structure of these models is represented by:
~N@©,c%0% ), {12

€ijkimno

wherep =1,...,N; anddq =1. gijklmno is the residual error for each individual sea

lampreyi from stratgp, p is the stratification variable in which an indivaluwas

collected, either the lake or the stream categodylake combination, andpis the
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variance component estimate for varigileThe residual variance for each category and

lake combination was calculated by multiplying ttagiance parameter estima@az() by
the residual variance of the model.

| tested the significance of the separate vadammnponents by testing the
models with separate variance components agaiasiitipler models using likelihood
ratio tests. If likelihood ratio tests were sigo#nt, indicating a better model fit when
separate variance components were estimated ferefit strata, | used 95% confidence
intervals on the estimates of variance componemtedch stratum to determine which
strata differed from one another in their varianoeponent estimates. For these
variance models, the same fixed effects selectéloeimnalysis of mean growth from
equation 11 were used, random slopes and interegpesestimated for stream, and
random intercepts were estimated for reach.

The variance component analysis that includeshetrand reach as random
effects determined whether or not lakes, and caiegwithin lakes, differed in their
residual variances, composed of both within- andragryear variance. Both types of
variance are important to sea lamprey managehguah the among-year variance is of
most interest for this analysis. To determinertiative contribution of within- and
among-year variance to the overall differencesanance observed among strata, an
additional model was created that estimated ranslopes and intercepts for each year in
addition to the random effects estimated for straachreach. Variance components
were again estimated for each category and lakd@tion. Because of the inclusion

of year as a random effect, the variance comporestiisated in this model encompassed

within-year variance only. Thé2 estimated for each stratification factor was
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multiplied by the residual variance of the modegéstimate the within year variance for
each category and lake combination, and compart#tetestimate of the total residual
variance obtained from the model in which only atneand reach were included as
random effects.
Model Selection

The significance of random and fixed terms werduatad using Akaike’s
Information Criterion (AIC), and effects were cathesied significant if their inclusion
resulted in a decrease in AIC value @f (Burnham and Anderson 1998). Random
effects were modeled with all possible fixed effaicicluded except when otherwise
noted. Significance of individual random effectsresevaluated using AIC values for
individual models using the restricted maximum litkeod (REML) method of
estimation of model fit (Pinheiro and Bates 2008jter determining the appropriate
random effects structure for each model, signifeeaof individual fixed effects were
determined by sequentially removing fixed effectsrf the model and comparing AIC
values. All tests for fixed effects were performesing the maximum likelihood (ML)
method of estimation of model fit (Pinheiro and &aR000). Diagnostics of all selected
models were examined to ensure no assumptionsvidaged. All modeling and
statistical analyses were performed using R V.2R.Core Development Team 2005).
Results
Recruitment Analysis

Probability of Successful Recruitment

The probability of a successful recruitment ewgas best explained by a model

including only category as a fixed effect (Table #)cluding stream as a random effect
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did not improve model fit, and including year asadom effect only marginally
improved model fit AAIC=1.1), so neither random effect was includethia final model
(Table 10). Models with both year and stream adaen effects could not be fit to the
data due to insufficient sample number. Categmsiyrelams were half as likely to have
successful recruitment events as any other tyggredm, and categories 1-3 did not

differ in their probability of a successful recraignt event (Table 11, Figure 9).

Table 9. Candidate models with different fixed effects ie thinary model of
Recruitment success of age-1 sea lampreys. Fixecd®are shown with
the estimated number of parameters (K), their Adligs,

and the difference between the AIC value of a giverdel and that of the best
model AAIC).

M odel Fixed Effects K AlC AAIC
1 Category 5 250.90 0
2 Category+Lake 8 253.43 2.53
3 (Intercept) 2 274.14 23.24
4 Lake 4 275.95 25.05

Table 10. Random effect selection for the binary model of
recruitment success of age-1 sea lampreys. Théeuof estimated
parameters (K), AIC value, and the difference betwthe AIC value
of a model and that of the best mod®eA(C) are shown. Random
effects were modeled with a fixed category effésb ancluded.

M odel Random effect K AlIC AAIC
1 Year 5 249.8 NA
2 None 4 250.9 1.1
3 Stream 5 254.9 51

Table 11. Fixed effects estimates, standard error, z-valoe pavalues for the
binary model of recruitment success of age-1 sealays. The expected
probability of successful recruitment for each gatg is also shown. In this
model, the intercept refers to category 1, ancether DF=301.

Effect Estimate SE z p-value Category p(success)
Intercept 2.180 0.264 8.28 <.001 1 0.899
Category 2 -0.546 0.49 -1.11 0.266 2 0.837
Category 3 -0.407 0.419 -0.97 0.332 3 0.855
Category 4 -0.247 0.464 -0.532 <.001 4 0.429
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Figure 9. Probability of successful recruitment and 95%fictamce intervals for each
stream category as predicted by binomial model.

Analysis of Non-Zero Recruitment

Mean CPUE

The mean CPUE of a stream was influenced by tlearst category and the lake
into which a stream flows. The model that best aixigld mean CPUE included no
random effects (Table 12) and category and lakiexed effects (Table 13). Category 1
streams had the highest level of mean recruitmieany stream category, and Lake
Ontario streams had the highest mean recruitmeswtypfake (Table 14). When held
constant for lake, the mean recruitment level tegary 1 streams was almost twice as
large as that in category 3 streams, and neariyéstas high as that in category 4
streams (Figure 10). When held constant for categhe mean recruitment in Lake
Ontario streams was more than twice that of straarasy other lake (Figure 11). While
this model explained significant differences in meacruitment, it did not explain the

majority of recruitment variation (Multiple®R0.13).
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Table 12. Random effect selection for the model of mean
recruitment (CPUE”1/4)of age-1 sea lampreys. Tumber of
estimated parameters (K), AIC value, and the dffee
between the AIC value of a model and that of thet beodel
(AAIC) are shown. Random effects were modeled vixibdt
effects of category and lake also included.

M odel Random Effects K AIC AAIC
1 None 9 499.3 0
2 Stream+Year 11 508.4 9.1
3 Stream 10 511.2 11.9
4 Year 10 516.6 17.3

Table 13. Candidate models with different fixed effects foe tmodel of
mean recruitment (CPUE"1/4) of age-1 sea lampré@y®& number of
estimated parameters (K), AIC value, and the dffiee between the
AIC value of a model and that of the best moddIC) are shown.

M odel Fixed effects K AlC AAIC
1 Category+Lake 8 497.72 0
2 Category 5 500.54 2.82
3 Lake 5 518.74 21.02
4 (Intercept) 1 520.74 23.02

Table 14. Fixed effects estimates, standard errors, t-values,
and p-values for each parameter included in theetnafdmean
recruitment (CPUE"1/4) of age-1 sea lampreys.hisimodel,
the intercept accounts for the effects of bothgartg 1 and
Lake Superior, and the error DF=248.

Par ameter Estimate  St.Error t value p value
Intercept 2.410 0.069 35.07 <0.001
Category 2 -0.283 0.121 -2.35 0.020
Category 3 -0.380 0.095 -3.99 <0.001
Category 4 -0.732 0.191 -3.83 <0.001
Lake Michigan -0.026 0.093 -0.28 0.780
Lake Huron 0.049 0.111 0.44 0.661
Lake Ontario 0.599 0.210 2.84 0.005
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Figure 10. Mean CPUE (catch per hour) and 95% confidencevateifor each stream
category as predicted by the linear model whenihglke constant (values shown are
for Lake Superior streams).
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Figure1l. Mean CPUE and 95% confidence intervals for eakh bs predicted by the
linear model when holding category constant (vakhesvn are for category 1 streams).

Variation in CPUE
Stream categories did not differ significantlytlrir variation in CPUE; the
model allowing for different levels of variationrfeach category did not have greater

support than the model with constant variance (ihked ratio=3.3, DF=3, p=0.35).
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Growth Analysis

Analysis of mean length at age-1

Mean length at age-1 was best explained by a modelding stream, year,
reach, and survey ID as random effects (Table Eayndom slopes and intercepts were
estimated for stream and year, and random intesacegte estimated for reach and survey
ID. DOY and lake were included in the model agdeffects (Table 16). The standard

deviation of log(length) at age-1 explained by eastdom effect is shown in Table 17.

Table 15. Random effects for the model of log(length )of dgeea lampreys.
Random effects were estimated for the slope (S)rateccept (1) of each level
except survey ID, which only occurred on one dayezr (DOY). Candidate
models are shown along with the number of estimpsgdmeters (K), AIC value,
and the difference between the AIC value of a madel that of the best model
(AAIC) are shown. Random effects were modeled withassible fixed effects
also included (DOY, Category, Lake, and a Catedamige interaction).

M odel Random effects K AlC AAIC
Stream(l)+Stream(S)+Year(l)+Year(S)+Reach(l)

1 +ID(1) 17 -79316.0 0.0
Stream(l)+Stream(S)+Year(l)+Year(S)+Reach(S)+

2 Reach(l)+ID(l) 18 -79313.0 3.0
Stream(l)+Stream(S)+Year(l)+Year(S)+Reach(l)+

3 Reach(S) 17 -72875.3 6440.7

4 Stream(l)+Stream(S)+Year(l)+Year(S)+Reach(l) 1672592.2 6723.7

5 Stream(l)+Stream(S)+Year(l)+Year(S) 15 -68616.5 0699.5

6 Stream(l)+Stream(S)+Year(l) 14 -63624.3 15691.7

7 Stream(l)+Stream(S) 13 -47047.5 32268.5

8 Stream(l) 12 -39910.6 39405.4

9 None 11  -7883.1 71432.9

Table 16. Candidate models with different fixed effects iee model of log(length)
at age-1, the number of parameters estimated Iy, AIC values and the difference
between each model's AIC and that of the bestdideh(AAIC). All fixed effects
were modeled with random effects included. Randuercepts for stream, year,
reach, and ID, and random slopes for stream andwes@ included in each model.

M odel Fixed Effects K AlC AAIC
1 DOY+Lake 11 -79412.6 0
2 DOY+Category+Lake 14 -79408.1 4.5
3 DOY 8 -79403.7 8.9
4 DOY+Category+Lake+Category*DOY 17 -79403.4 9.3
5 DOY+Category 11 -79401.1 11.5
6 DOY +Category+Category*DOY 14 -79396.2 16.4
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Table 17. Standard deviation estimates and 95%
confidence intervals for all random effects inclddie
the final model of log(length) at age-1. Fixedeeff of
DOY and Lake were also included in this model.

Random effects 95% ClI
Level Term SD lower upper

Stream Intercept 0.1414 0.1164 0.1717
Slope 0.0009 0.0006 0.0015

Year Intercept 0.1160 0.0998 0.1340
Slope 0.0015 0.0012 0.0019

Reach Intercept 0.0730 0.0623 0.0857
ID Intercept 0.0787 0.0749 0.0826
Residual 0.1190 0.1183 0.1197

Sea lampreys from Lake Ontario were on average lafgér than those from
Lake Superior (Table 18, Figure 12). Sea lampfeya Lakes Michigan and Huron did
not differ significantly in their mean length ateadj from Lake Superior sea lampreys

(Table 18, Figure 12). The day that a survey vaeslacted positively influenced mean

length at age-1 (Table 18).

Table 18. Fixed effects estimates, standard errors, resueglees of
freedom, t-values, and p-values for each paranretbe model of log
(length) at age-1 of sea lampreys. In this maitel intercept accounts
for the effect of Lake Superior. Random intercdptsstream, year,

reach, and survey, and random slopes for streanyeardvere also
estimated in this model.

Parameter Estimate St. Error DF t-value p-value
Intercept 3.740 0.0229 57743 163.06 <0.001
DOY-216.3 0.004 0.0002 57743 22.71 <0.001
Lake Michigan 0.004 0.0368 112 0.12 0.91
Lake Huron 0.042 0.0427 112 0.98 0.33
Lake Ontario 0.260 0.0676 112 3.85 <0.001
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Figure 12. Mean length at age-1 (bias-corrected) and 958tiadence intervals for each
lake as predicted by the mixed effects growth model

Analysis of variation in length at age-1

Length at age-1 was better explained by the mathlseparate variance
components for each lake than the model with n@mee covariates (Likelihood
ratio=65.5, df=3, p<0.001). Likewise, modeling aegie variance components for
category/lake combinations better explained vamnain length at age-1 than modeling
variance components for lake only (Likelihood rad87.8, df=10, p<0.001), indicating
that variation in length at age-1 differed sigrafitly among lakes and among categories
within lakes. Sea lampreys from Lake Huron and L@keario were 94% and 90% as
variable in length at age-1 (on the log scale)easlampreys from Lake Superior,
respectively (Figure 13). Sea lampreys from Lakehigan did not differ significantly
from those from Lake Superior in their variabilitylength at age-1. The relative

variability in length at age-1 observed in sea leagp from different stream categories
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differed among lakes, and all but one lake exhibsignificant differences in variability
of length at age-1 among categories. In Lake Soipeea lampreys from category 3
exhibited higher levels of variability in mean léh@t age-1 than sea lampreys from
other types of streams (Figure 14a). The majarftiis variation was due to within year
variance, although among-year variance was aldwebign category 3 streams (Figure
15a). In Lake Michigan and Lake Ontario, sea laaypifrom category 1 streams were
significantly more variable in length at age-1 thaaividuals from any other stream
category (Figures 14b and 14c). In these two lat&ggory 1 sea lampreys had the
highest levels of both within- and among-year va&in length at age-1 (Figures 15b
and 15c). Lake Huron sea lampreys showed no esedehdifferences in overall
variation in length at age-1 among stream categ@fR&gure 14d), although sea lampreys
from category 3 streams did have higher among-y&aance than any other category of

streams in Lake Huron (Figure 15d).
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Figure 13. Estimates of relative variation and 95% confmkemtervals for each lake
except Erie. To estimate variance componentsydhiance component for Lake
Superior was held constant at 1, and the rela@gwmmce components for the other lakes
are estimated.
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Figure 14. Estimates of variance components and 95% camfelentervals for different
stream categories in a) Lake Superior, b) Lake Mg c) Lake Ontario, and d) Lake
Huron. The variance component of category 3 ineL8kperior was held constant at 1,
and others estimated relative to it.
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Lake Michigan, c) Lake Ontario, and d) Lake Huron.
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Discussion

Variation in recruitment can influence the asgs or failure of management strategies,
whether the management goal is to sustain a populat to suppress it. In the case of
sea lampreys, variation in recruitment can deteeriie effectiveness of alternative
control techniques (Jones et al. 2003). Additiypdlhave demonstrated that differences
in recruitment to age-1 influence the regularityasfiprey production and the need for
chemical treatments by showing that streams wghllziregular treatment cycles
(category 1 streams) also tend to have higherdesealecruitment. The regularity of
stream treatments appears to also be associatedheitegularity of larval growth in
Lake Superior streams, although not in other lak@gerall, successful recruitment
above a certain threshold level is more importaahtearly larval growth in determining
the regularity of lamprey production.

Category 4 streams (those that in the past hayeresl treatment, but no longer
support sea lamprey populations) were more likellygve no recruitment following a
lampricide treatment than any other category @astr. Category 4 streams also had the
lowest mean recruitment of any type of stream.snopensity for failed recruitment
years could explain why these streams no longet teebe treated. Sea lamprey
numbers throughout the Great Lakes have been rddiraenatically in the past 45 years
(Smith and Tibbles 1980, Larson et al. 2003, Satliet al. 2003), and streams with
lower average densities of age-1 larvae and higradyability of failed recruitment than
other types of streams could likely no longer suppiable sea lamprey populations once
the lake-wide density of sea lampreys was reduestigpcertain point. It is possible that

these category 4 streams have some common envinbaineclaracteristics that make
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them less hospitable to sea lamprey larvae (il@tdtaypes, temperature regimes, Young
et al. 1990), and only under high density condgiare these types of streams used by sea
lampreys. Further research into the environmeattatacteristics of these types of
streams and what makes them relatively inhospitabéea lampreys could be useful in
developing strategies to eliminate sea lamprey ladpns from other types of rivers.
Categories 1-3 did not differ in their probabildf/successful recruitment; these
types of streams had approximately an 85% chansaeanfessful recruitment of an age-1
year class following the chemical treatment ofgstream. However, stream categories
did differ in their mean recruitment as measureCB®\JE. The mean CPUE in category
1 streams was almost twice as large as that igoate streams, and almost 5 times as
large as that in category 4 streams. However, madhation in CPUE remained
unexplained even by the best model, indicating ¢vah within stream categories
recruitment varies widely. This variation coulddiee to actual variation in sea lamprey
recruitment; sea lamprey recruitment can vary ughtee orders of magnitude even with
a constant number of spawning females (Jones 20@8). The high levels of
unexplained variation could also be due to the eaion of CPUE as an index of
recruitment. Although CPUE provides a rather ingme index of recruitment and
provides little information regarding the actuaesof the age-1 year class, it is useful for
comparative purposes, and CPUE has been widelyassad index of population size in
fisheries (Ney 1993). The identification of a ¢l@attern in recruitment among stream
categories in spite of the high levels of variatibat would tend to obscure any patterns,
due to both natural fluctuations and the imprenigtric used to measure recruitment,

indicates that differences in recruitment amongastr categories are indeed quite
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pronounced. Observed differences in recruitmeage 1 could potentially be used in
management to make stream treatment decisions.

The association of the regularity of lamprey pretchn with my index of
recruitment suggests that variations in the size yegar class at age-1 persists in
subsequent years, a pattern that has been dentedstrather fish populations (e.g.
Helle et al. 2000, Smith et al. 2005). Other redaars have emphasized the utility of
sampling juvenile fishes in an attempt to indexrydass strength of a cohort before they
reach the age of management interest due to theriamze of the larval stage in the
determination of year-class strength (Rijnsdorale1985, Uphoff 1989, Sammons and
Bettoli 1998). In the case of sea lampreys, threetation between age-1 year-class
strength and the regularity of chemical treatmadtdates that larval assessment could be
conducted several years before a stream mighttodael treated, and the relative
abundance of young larvae could serve as an irdticthe future transformer
abundance on which managers could base treatmeistares.

The variability in CPUE of age-1 sea lampreysrbd differ among stream
categories. The most regularly treated streantedoay 1) did not have more consistent
recruitment, but they did have higher mean recrerttm A threshold cohort size may be
necessary for a year class to persist in suffioi@mbers to warrant treatment as the
cohort approaches metamorphosis. Below this tbidsize normal variations in cohort
survival and growth may result in an inconsistezgahfor treatment. Category 2-4
streams may achieve this threshold level of recreitt less consistently than Category 1
streams. The strong pattern observed of higherECiaWegularly treated streams could

allow for the identification of this threshold CPW&lue to be used for management
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purposes. If such a threshold could be identifsdams could be surveyed one or two
years following treatment to quantify recruitmemtage-1, and if the threshold catch rate
was observed, managers would schedule the streame&ment some number of years
later. The number of years between survey anthtexat would be determined by the
historical growth and metamorphosis cycle of tlmeast. Identification of this threshold
CPUE value will require an analysis of the obser@&UE of age-1 larvae vs. selection
for treatment in subsequent years, and shoulddésuhject of future investigation.

Sea lampreys from different stream categoriesdiddiffer in their mean length
at age-1, although sea lampreys from the Lake @ntare significantly larger at age-1
than those from the upper lakes (Superior, Michigaxd Huron). Lower lakes sea
lampreys are known to achieve larger sizes morektyuthan upper lakes sea lampreys
(Potter 1980, Hansen et al. 2003, Slade et al.)2803he existence of larger sea
lampreys in Lake Ontario was not surprising. lduseean size at age-1 as a surrogate for
early larval growth, under the assumption thatdairgdividuals must have grown faster
in order to achieve that larger size. This assionphay not be correct, as larvae could
hatch out at larger sizes or experience longer gr@waeasons in certain types of streams
or in tributaries to certain lakes, allowing themrathieve larger sizes despite equivalent
or even slower growth rates. Within-year growttagé-1 larvae was measured in my
analysis through the relationship between the duay of sampling and the mean length
of the larvae collected; however, this measureroivth was fairly crude, as collections
from different streams and years were combined tla@dange of dates sampled within a
given stream and year were often too small tolglipredict growth rates. | found no

significant interaction between stream categorytaedday of sampling, indicating that,
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at least with this crude measure of growth, withéar growth did not differ among
stream categories. Within-year growth did diffexaang streams and years, as indicated
by the random effects of stream and year on tlaioelship between day of sampling
and length (random slope), as would be expectedrasult of different growing
conditions.

The relationship between variability in lengthage-1 and stream category
differed among lakes. In Lake Superior, sea laygpfem category 3 streams exhibited
the most variability in length at age-1. In othees, either no relationship existed
between category and variability in length at agédke Huron), or sea lampreys from
category 1 streams were the most variable in leagye-1 (Lakes Michigan and
Ontario). Lake Superior streams have been trdatdtie longest time period of any lake
(Heinrich et al. 2003), and Lake Superior contammse streams included in this analysis
than any other lake. It is possible that streaims fother lakes will exhibit similar
growth patterns given more treatment cycles oirtbkeision of more streams that fit the
timing criteria required for this analysis. Altatively, it is possible that because of their
longer treatment history, Lake Superior streamsbéiximore clear distinctions in
treatment regularity and lamprey production, legdimm more readily to a useful
categorization.

In all lakes and all categories, the majority afigtion in growth was a result of
within-year variation. Larvae of the same agehm$ame stream at the same time show
considerable variation in length, indicating theaéor large sample sizes when
conducting assessment surveys if a precise estoh#te size-structure of the stream

population is desired. Despite accounting forrttegority of residual variation, the
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relative contribution of within-year variation teerall variation was fairly consistent
among categories within a lake. Most of the déferes among categories in variation in
length at age-1 resulted from differences in veotaamong years. Variation among
years in length at age-1 was highest in categatyeams in Lakes Superior, but highest
in category 1 streams in Lakes Michigan and Ontamdicating no consistent growth
pattern within stream categories across all laKégerefore, the stream categorization
framework is not supported by growth differenceamy lake except Superior. Again,
Lake Superior streams could be easier to categduedo their longer treatment history.
Alternatively, growth differences could be less ortant than recruitment differences in
determining treatment regularity in the Great Lag#ser than Lake Superior.

The stream categorization system developed blasgarey managers is
consistent with demographic patterns in recruitjand could be useful for directing
assessment needs. The relationship between ciagiegod growth varies by lake, and
may not be consistent enough to be useful for ass® purposes. My results suggest
that growth to age-1 of sea lampreys in categ®iyy&ams are more variable in Lake
Superior, which implies a greater need for assesstodocus on later life stages in these
streams. Of more use for sea lamprey managems isliservation that category 1
streams have higher levels of recruitment acrddakas. Category 1 streams could
likely be selected for treatment with little to assessment, allowing more resources to
be targeted to Category 2 and 3 streams, whiclddmibssessed using a method
designed to detect the presence or absence of algea of a certain threshold size in

order to determine a stream’s need for treatment.
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Recruitment and growth are two of the three prinfactors that determine fish
population dynamics (mortality is the other). Urslanding growth and recruitment and
their variability are vital to managing fisheridsoude 1987, Quinn and Deriso 1999,
Myers 2001). Stable recruitment can reduce theptexity of fisheries management, but
many fish populations have highly variable recr@nin(Ricker 1954, Hilborn and
Walters 1992, Myers 1998, MacKenzie et al. 2008hot properly accounted for, this
variability can cause high inter-annual variatioryield or catch rates in the case of
desired fisheries, and high annual variation inticdrsuccess in pest species such as sea
lampreys. Variation in growth can also contribisterariable success of fisheries
management strategies (e.g. Houde 1987, Campaita\t80 den Avyle and Hayward
1999, Scharf 2000). By improving our understandihthe variability in recruitment
and growth within and among economically import#stt populations, it should be
possible to design policies for exploitation andtcol that more effectively account for
this variation. The analyses presented in thiptigrovide an example of how such
knowledge can be used to improve management.

This study represents the utility of historicatadan understanding the dynamics
of a managed population, and could be extendedmtitie field of sea lamprey
management. Based on this analysis, historicdleseprey assessment data exhibit
patterns across years that can inform future assggsactivities and resource allocation.
In the future, historical surveys could be used more rigorous manner to direct stream
treatment decisions. A threshold level of recreititncould be identified above which
chemical treatments would be applied, directingsssient efforts to early (age-1) life

stages of sea lampreys and providing an additiobjaictive metric on which to base
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treatment decisions. Alternatively, a Bayesianragph in which historical data are used
to create informative prior probabilities of a stn@s need for treatment could be
employed, and combined with less-intensive datkectibn to make stream treatment
decisions. This type of Bayesian assessment warildss costly than current assessment
since it would rely less heavily on conducting ®yvand more heavily on the wealth of
data that have already been collected. Continegelarch into the use of historical

survey data to make present-day decisions is wiaadlamithin sea lamprey management

and in other systems for which informative histaliecords are available.
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THESIS DISCUSSION

The acquisition of knowledge to determine the optioourse of action is a common
goal of scientific inquiry. Often it is assumedatithe more knowledge acquired, the
better the decisions will be. However, in situat®f limited resources, the gathering of
information to increase knowledge can come at fiperese of the ability to carry out the
very actions the increased knowledge was intend@ifarm. When resources are
limited, it is important to analyze the trade-offtlveen resources used to assess a system
and resources used to carry out management acticGsting alternative strategies of
resource allocation on the scale relevant to manageand monitoring their
consequences is a way to determine the optimahbalaetween competing management
goals. Additionally, one means of reducing relianngresent-day assessment and
information gathering is to use historical knowledg inform decision making. In many
managed systems, data have been collected fouggpiarposes throughout the history of
management, which can be used to direct manageteeisions or to better understand
population dynamics, reducing the reliance on imfation gathered from present-day
formal assessments (Myers et al. 1995, Patton 08I/, Swetnam et al. 1999).

In the case of sea lamprey control, streams anmiciady treated to kill larval sea
lampreys to achieve management goals. Assessmeeéded to inform managers which
streams, if treated, would provide the greatesebeto the sea lamprey program in terms
of sea lampreys killed. Finding the optimal balbetween resources spent on this
assessment and resources reserved for treatirgnstrequires testing alternative
frameworks of resource allocation and monitoringy ¢dbnsequences. Based on the

results presented in chapter one, sea lamprey raeaguld allocate fewer resources to
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assessment and more to control and achieve gsgipression of sea lampreys. The
rapid assessment procedure described in this ahapiee of a potentially infinite
number of alternative assessment methods. RA miaepcesent the optimal balance
between assessment and control, but it appearsdblbast an improvement over the
current allocation of resources in that it allows greater numbers of sea lampreys to be
killed than the current assessment method. Thefusgaptive management to test
alternative means of resource allocation and assagswill allow for the direct
application of the results of this experiment ta Benprey management decisions.
Adaptive management is a tool that should be usa® wften to test alternative
management actions and their results in real waydiems, allowing for the continuous
refinement of management actions in order to agbrét@ae optimal course of action.
Larval assessment surveys have been conductecktd sea lamprey management
since the inception of sea lamprey managementedas the results presented chapter
two, historical data can be useful in identifyirgnabgraphic patterns in larval sea
lamprey populations, and potentially in improvingmagement, even if the data were
originally collected for other purposes. The categgpdescribing the regularity of
lamprey production and treatment cycles developeaénagers are supported by
differences in recruitment to age-1, even whenuigoent is measured on a very crude
scale. Differences in growth rates are signifibarglated to treatment regularity only in
Lake Superior streams, where irregularly treateghshs exhibit the highest variation in
mean length at age-1. Chemical treatments have damirring longest in Lake Superior
tributaries, and therefore these streams may be pamily categorized, or different

population dynamics may be driving differencesr@atments in Lake Superior streams
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than in tributaries to other lakes.

Further refinements to the Rapid Assessment metboldl be achieved by
incorporating historical information. For examptaiegory 1 streams may require an
even less resource-intensive assessment methoel] aimply at identifying the presence
or absence of a year class. Because differenaesiinitment to age-1 appear to be
driving differences in lamprey production acrogean categories, it may be possible to
identify a threshold level of recruitment above g¥ha stream will require treatment, and
develop an assessment procedure that identifiehether not this threshold level has
been achieved in category 2 and 3 streams. Aligaty historical data could be used in
a Bayesian framework, in which prior probabilitefsa stream’s need for treatment are
formed using historical data, and combined wittadatllected from a rapid assessment
procedure to determine which streams require tresatm

Understanding how best to balance resources usgather information and those
used to manage is important in many natural regosystems. Stock assessments of
commercial fisheries, evaluations of the statusmafangered species, and the
determination of the optimal location for reseraesl protected areas are examples of
situations in which a conflict could arise betweesources allocated to learn more about
a system and those allocated to the managemersem@tion, or protection of that
system. The use of historical data to identify dgraphic patterns in populations and/or
to improve management may be a means through wméstagers could spend fewer
resources on assessment, thereby freeing up resotiarbe used for other purposes.
Studies that examine the tradeoff between assessmdmanagement will assist

managers in making critical decisions in situatiohBmited resources, and should be
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initiated in other systems in which competing maragnt goals exist and in which

historical records are available.
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