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ABSTRACT:

Integrated management of sea lampreys requirassthef population models to compare the
outcomes of a variety of management strategie rélability of decisions made based on
population models is directly related to the accyrmaf the parameters describing population
processes contained within them. In an attempptiate current sea lamprey population
models, we have estimated larval growth, recruitimmetamorphosis, and survival
parameters using data from quantitative assessroamted out since 1995 as well as
additional data collected to directly measure tliEsaographic rates. We have found
evidence that sea lamprey growth is non-lineariraonto previous assumptions used in
population models of sea lamprey growth. We hdseoved high levels of density-
independent variation in sea lamprey recruitmericating that environmental factors may
play a large role in determining year-class strieng¥/e have also developed models of sea
lamprey metamorphosis with higher predictive pothan existing models. We were unable
to generate accurate estimates of larval survisimiguquantitative assessment data, and
recommend that surveys specifically designed tosomedlarval survival be used if an
accurate measure is desired. We have developegeaating model of the entire sea
lamprey management process, and included updatiethéss of larval demographic rates
generated through this study. We have used thtehto evaluate the outcome a variety of
sea lamprey management decisions. We have alsausgthtion of this model to explore
the potential consequences of genetic manipuldtiosea lamprey control, and determined
that skewed sea lamprey sex ratios could incréespdtential effectiveness of a genetic
manipulation of sex determination. Our result® @éslicate that such a genetic manipulation
could be maintained in the sea lamprey populatidefinitely, increasing the risk of
unintended and irreversible consequences. Theatipgmodel of sea lamprey management
developed and refined through this study represeptswerful tool for examining the
outcomes of management decisions, and our refinesnoéfarval demographics have greatly
improved the predictive power of this model.

PRESS RELEASE:

We have developed improved estimates of the pdpuldiynamics such as growth and
survival of larval sea lampreys in to better untierd how these processes influence the
effectiveness of sea lamprey management actiorsshaVe incorporated these estimates of
larval population processes into a computer mdaalgimulates the entire sea lamprey
management process, including management actichsasuassessment and chemical
treatments as well as biological processes sughoagh rates and spawning of adult sea
lampreys. By creating a model that simulatestapps of sea lamprey management, we can
evaluate potential outcomes of management decisighsut actually implementing these
decisions in the real world. For example, we hen@apared the number of parasitic sea
lampreys we would expect in Lake Michigan undefedént methods of selecting streams for
chemical treatment. We have also used a variafitinis model to explore the consequences
of a control strategy that genetically manipulaes determination in sea lampreys. Such
strategies are being developed for the controbafraon carp in Australia, and while the
technology does not currently exist for sea lamgréymay become a viable control option in
the future. Our results show that introducing agghat causes all offspring to be sons (the
so-called “daughterless gene”) could result ingaificant reduction in the number of
parasitic sea lampreys in the Great Lakes. Howalrergene would also become
permanently established in the population, presgratirisk to native sea lampreys in the
Atlantic Ocean and reducing the capacity of maragemitigate any unintended
consequences. Further research on the viabilifgenétic techniques for sea lamprey control



is needed prior to implementing any strategy rejyon genetic modification.
SUMMARY STATEMENT:

Overall we are satisfied with the outcomes of thisearch project. Under this and other
GLFC grants, we have been able to successfullgeefstimates of larval population
dynamics and to increase understanding of spatéhtemporal variation in these parameters.
While some of these parameter estimates are thé cégprojects funded under other grants,
there exists substantial overlap between the wornledhere and those other grants, and we
have included the results of other projects herenaielevant. A primary contribution of this
project has been to use our improved parametena&s to update a detailed sea lamprey
management model, which has allowed us to use thieinio explore a variety of questions
that are of broad relevance to sea lamprey cont#.have also developed a new model to
evaluate the efficacy of a hypothetical genetic imalation of sea lamprey populations. We
have produced five manuscripts that are currentiyarious stages of preparation or review
in peer-reviewed journals, and we anticipate thremetion of several additional manuscripts
in 2008 further demonstrating the utility of the@sdamprey population model developed in
part as a result of this project.

The project objectives and outcomes are describlEvh and further information is included
as Appendices.

Objectives and Outcomes:
1) Develop improved estimates of key parameters ofaseprey population models that
describe growth, recruitment, survival, and metahosis.

Growth: We have re-analyzed growth data from past searngssessment surveys to
determine whether a non-linear (von-Bertalanffygwgh model better describes the
growth of larval sea lampreys as they approach matahosis. We have also examined
data from Andrew Treble’s research on metamorplarsisHeather Dawson’s research
on age determination for evidence of non-lineangno These data do support the use of
a non-linear growth model, which is described imrentdetail in Objective 3 and the
associated Appendix.

Recruitment: We synthesized all available sea lamprey stockdigeent data as of

2005 and fitted these data to a modified Ricketkstecruitment model that included
environmental factors as well as stock size asigh@d of recruitment. This analysis has
been included in a manuscript submitted to Traiwasf the American Fisheries
Society, and is included here as Appendix 1.

Survival: We have compiled data from quantitative larval syssthat occurred in
successive years with no chemical treatments indsi, estimated larval age
compositions from these surveys using length-bassithiods, and attempted to estimate
survival from age composition estimates. This gsialhas been limited by the quality of
data available, in that a small number of streagahies were surveyed in successive
years with sufficient numbers of individuals cotlett to facilitate accurate estimates of
age composition and to allow cohorts to be trad@dss more than one year. We have
been able to generate some estimates of survivalvdmle basin, lake, stream, and
reach levels, although overall we believe thatdéhestimates are of poor accuracy given
the shortage of high-quality data available to emtdhis analysis. We recommend that
a study be designed specifically to measure lawalival in a variety of streams if an



2)

3)

accurate estimate of larval survival is desireghpéndix 2 describes the methods and
results of our survival analysis in more detail.

Metamorphosis: As a part of his Master’s thesis research (deddrsiccessfully in May
2006), Andrew Treble developed new models to ptestia lamprey metamorphosis rates
from biological (larval) and environmental (streasia)Ya, and demonstrated that they
have superior predictive power to existing mod&lsanuscript describing these models
has been accepted, revised, and resubmitted thothreal of Great Lakes Research, and
is attached as Appendix 3.

Investigate factors that could potentially influertemporal and spatial variation in these
parameters.

As part of Heather Dawson’s PhD dissertation rete@defended successfully in
December 2006), we have collected recruitment filata two Lake Superior and two
Lake Ontario streams to assess temporal covariatimng streams in recruitment and to
explore stream-level influences on recruitment. fdimd little evidence of covariation
among streams in temporal patterns of recruitmgzdr(effects), in contrast to findings
for other species. Our data also point to the thgmis that larval and adult habitat
quality varies among streams sufficiently to haatrang influence on recruitment rates.
These findings are presented and discussed irfahengentioned Appendix 1.

As part of Gretchen Anderson’s Master thesis rese@efended successfully in
December 2006), we examined patterns of variatidarival growth and recruitment
among sea lamprey producing streams, using ovge&® of historical assessment data.
We sought to test the hypothesis that differencasng streams in the regularity with
which they require treatment with lampricides cooddexplained by differences in either
recruitment or growth rates. We found that redulproducing streams had significantly
higher rates of recruitment than irregular prodsicéie interpreted this finding as
suggesting that regular producers always experisuifieient recruitment levels in the
year immediately following treatment to ensurenieed for subsequent treatment when
the first post-treatment year-class reaches arageeize at which the majority of larvae
will enter metamorphosis. These findings are desdrin a manuscript that has been
accepted with revisions, revised, and re-submittefransactions of the American
Fisheries Society, and a draft of this manuscsp¢luded here as Appendix 4.

Incorporate new parameter estimates into exis#agamprey population models and
apply the models to evaluate integrated contratsgies.

We have extensively revised our operating modskaflamprey management (known as
the MUSTR model) to incorporate findings from Objees 1 and 2. The MUSTR

model is a stochastic simulation model of sea l@appopulation dynamics and control
that operates at the spatial scale a single Giadad,land has been parameterized to run
for each of the five Great Lakes. We have usedrtbéel to understand trade-offs
between assessment and control expenditures, igatesthe effectiveness of different
levels of alternative control vs. lampricide cohtevaluate the effectiveness of
alternative stream ranking algorithms, and to estniEconomic Injury Levels for sea
lamprey in each of the Great Lakes. A manuscrstdbing the MUSTR model is
currently being prepared for submission to the @amaJournal of Fisheries and Aquatic
Sciences, and we plan on submitting this manusbyigtpril 30, 2008. We have
attached the abstract of this manuscript as Appefhidind other peer-reviewed
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publications describing the various ways in whichdas been used will be submitted in
2008.

Evaluate the efficacy of a genetic manipulatioriapfor sea lamprey control.

Dr. Jones spent 6 months of his sabbatical in 2afYkRing with researchers at the
CSIRO-MAR laboratory in Hobart, Tasmania. Theyealeped a model to simulate
genetic manipulation of sea lamprey sex determinatiased on theoretical research on
Australian carp population control conducted infhasia. Model results indicate that
existing sex-ratio biases in Great Lakes sea laynpopulations would result in high
effectiveness of a control strategy that reliedrugenetic manipulation of sex
determination, but would also result in the congicippresence of the modified gene in the
population at equilibrium levels, and thus increfassks of unintended consequences of
genetic manipulations. A manuscript describing thbdel and discussing its results and
implications for the future of sea lamprey conirothe Great Lakes is attached as
Appendix 6.
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Abstract

Knowledge of stock-recruitment dynamics is as inguarfor control of pest species such
as the sea lamprefP€tromyzon maringsas it is for sustainable harvest management of
exploited fish species. Sea lamprey stock-recrmtindata combined from streams across
the Great Lakes basin into a Ricker stock-recruitnmeodel indicated both compensation
(density-dependent survival) and a large amoudeokity-independent recruitment
variation. A mixed-effects model tested factorat imight affect recruitment variation,
using a Great Lakes dataset comprising 97 strearsyd.akes Superior and Michigan
tributaries, streams with larger numbers of lamp@ypetitors, and streams regularly
requiring lampricide treatment showed significartigher recruitment. Alkalinity and
thermal stability did not affect the observed r&onent pattern among streams. In four
long-term study streams we observed significanatian among streams with no
evidence of a common pattern of variation amongsyaghen stream and year were
modeled as a fixed effect and random effect, ragmdyg. Differences in recruitment
among streams were consistent with evidence oftgudispawning and larval habitat
among streams. Our findings suggest that managaematels should account for
differences in recruitment dynamics among sea lagproducing streams, but not
common year effects.

Index words: Stock-recruitment, population dynamics, sea lapmecruitment

variation
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Introduction

Stock-recruitment relationships are widely usetishery management to inform
decisions about sustainable harvest rates for ggglésh populations (c.f. Ricker 1975,
Hilborn and Walters 1992). In contrast to thislgafesustaining economically valuable
stocks to provide future benefits, the objectivedest species is to remove individuals
from the population at a greater rate than theybsareplaced. Although the
management objective is quite different, understanthe stock-recruitment relationship
is equally valuable, because it is the recruitnoéithe pest species as the population is
driven to low levels that will determine whethee ttate of control is sufficient to achieve
lasting benefits. In this paper we present an aogpianalysis of stock and recruitment
in an important pest fish species, the Great LakesampreyKetromyzon maringsand
discuss the implications of our findings for managet of this species.

The sea lamprey is a parasitic fish that was @nfagtor in the collapse of lake
trout, whitefish, and chub populations in the Giesltes during the 1940s and 1950s
(Smith and Tibbles 1980). Since the late 1950s Ja®mprey control has been achieved
through the use of both chemical and non-chemattdrfative) control methods.
Chemical methods have been the primary means efadpand involve the application
of a lampricide, 4-nitro-3-(trifluoromethyl) phen@FM), to remove larvae from a
stream before they become parasites (Smith andeBld®80, Breget al.2003). When
effective these methods are believed to removed®t\@5 and 99% of the ammocoetes
from treated streams (W. Swink, U.S. Geologicav8yr Hammond Bay Biological

Station, unpublished data). Alternative methodsarftrol use adult trapping (Mullegt
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al. 2003), barriers (Hunn and Youngs 1980, Latial.2003), and the release of sterile
males (Twohet al.2003). Pheromones (kt al. 2003, Sorensen and Vrieze 2003) are
also being explored as a future alternative to l&ges. The Great Lakes Fishery
Commission (GLFC) is seeking to increase theiarele on methods other than
lampricides to achieve fishery goals in the Grestds (GLFC 2001). These alternative
methods all seek to reduce the number of spawnersler to decrease subsequent
recruitment, but are unlikely to achieve supprasswvels near 100%. Consequently, the
degree to which the alternatives are effective #defbend on the recruitment dynamics of
sea lamprey when spawner abundance is reduced tevels.

Management actions that aim to reduce reprodusticeess might not result in
concomitant reductions in recruitment, for two @@&s First, sea lamprey populations
may compensate for reduced spawning numbers thioegkased larval survival or
growth; in an earlier study we presented evidencedmpensation in Great Lakes sea
lamprey populations (Jones al.2003). Second, density-independent factors tifetta
recruitment, such as winter severity, may vary agngtnreams and years, and cause
variations in recruitment that are unrelated toxspe numbers — most notably high
recruitment at low spawning stock size. Again wevppusly presented evidence for large
density-independent recruitment variation in Giesltes sea lampreys (Joretsal.

2003). We concluded in that study that furtheeaesh into sea lamprey population
dynamics is needed to discriminate between “stregfifie’tts and “year” effects on
recruitment variation. A better understandingdtgal and temporal variation in

recruitment will inform pest management, for exaenpy identifying types of streams
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(i.e., spatial effects) where recruitment tendsedigher than average at a given
spawning stock size, and thus where higher rataglat suppression may be needed.

In this paper we report on the findings of a foltow study of sea lamprey
recruitment dynamics in which we have nearly dodlthe available data on stock and
recruitment. We used these data, which now spayears and 37 streams, together with
data on stream characteristics to analyze variaioacruitment patterns among streams
and years. Included in this data set are four lemgr study streams where we introduced
spawners above barriers at a low level to mimieralitive control reductions in spawner

abundance, and measured the subsequent recrugireye 1 over several years.

Methods

We assembledata on spawning population size and on larvaurgoent at age
1 in the following year from Joned al. (2003), and from similar data collected
subsequently, resulting in a database of 97 stigzars of sea lamprey stock-recruitment
data (Fig. 1). Spawner abundances were eitheraitatt by deliberately releasing adult
sea lampreys above barriers where no other sead¢gmpere present (62 cases), or
spawning population abundance was estimated (3stasing a mark-recapture method
applied to sea lampreys captured in adult assessnaps (Mullettet al. 2003). We
estimated age-1 larval abundance using the saroadishing survey technique in all
streams, as described in Joeresl. (2003). Habitat was classified at randomly-spaced
transects as Type | (fine sand and silt which éfegred by larval sea lampreys), Type I
(coarser sand which is acceptable for larval segitays), or Type IlI/IV (gravel, cobble,

bedrock, exposed islands, all of which are unsletédy larval sea lampreys. Using a



117 backpack electrofisher we surveyed Type | plo@pgroximately half of the transects,
118 and Type Il plots were surveyed at about everythigfansect. Transect widths averaged
119 4.7 m, and ranged from 1 m to 21.5 m. To combata dmong streams, stock and

120 recruitment were calculated as densities

S R
121 (1 => R=_-
1) S Ao RTH

122 respectively, wheré is the total number of spawning females ahds the total

123 abundance of yearling larvaéd is the total amount of larval habitat in each stred,,

124  was weighted by the relative suitability of Typand Type Il habitat

125 @) H,=A =L

126 where A is the area of habitat%nd D is the density of yearlings in either Tye
127 Type Il habitats. Type Il habitat is weighted |l&égsvily than Type | habitats based on

128 sea lamprey density differences in the two hab{@lsdeet al. 2003). Density of

129 yearlings in Type Il and Type | were determineddbrstreams and the ratig'_L used in
|

130 habitat calculations was the average ratio of #hesiies across all streams in the data
131 set. In this dataset the average across the stre@s0.381¢?°=0.180).

132 To determine the proportion of ammocoetes in owests that were age 1 we
133 used a statistical method for objectively estinqtige composition from length-

134 frequency data (Schnute and Fournier 1980, Fouf®88). This method was used

135 because there is not consensus on the accuratataliths for determining age

136 composition of larval sea lampreys, and becaustelivéhat the statistical methods would

137 be preferable to a subjective determination of@gaposition from length-frequency

10
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data. The statistical method relies on an asswmibout the growth dynamics of the
fish stock of interest; we assumed larvae grew r@teg to a von-Bertalanffy growth
function and that individual variation in lengttcreased linearly with age. We were able
to determine proportion-at-age-1 using this mopedduced in AD Model Builder
(Version 6.0.2 of Otter Research 2000), for neallgtream-years that contained more
than one age class of ammocoetes. In ten streams-géher only the age-1 class was
present (five cases), or proportion-at-age-1 wasrdened subjectively by visual
inspection of length-frequency plots, because thdehdid not converge to a solution
(five cases). In these five cases a cut-off lengdl selected for age-1 sea lampreys that
corresponded roughly to the mid-point between tieelaand age 2 modes of the length-
frequency plot. Jone=t al. (2003) showed that the results of the stock-récremnt

analysis for a similar dataset were robust to matgerariations in these cutoff values.
The estimated proportion-at-age-1 was multipliedHgytotal sea lamprey catch to
estimate age-1 sea lamprey catch in each stream-Resgruitment was calculated as

(3) ﬁ — C:1,I DHI,T + C:l,II DH T
q H, aq H

s
whereC, | or 1 Was the age-1 catch in Type | and Il habitqtsas the electrofisher
catchability,H, or  + was the total Type | or Il habitat area in theatn, andH, o 1 s was
the Type | or Il habitat area surveyed. We assuafexked electrofisher catchability of
0.482 for all streams and habitat types (Steeves. 2003).

To learn more about temporal variation in recruitingve collected data annually
from four study streams (Fig. 1) over a period o6 B years. We selected four streams
that had multiple years of sea lamprey stock-récremt data from our earlier study: two

high-alkalinity streams in the Lake Ontario draieggort Britain and Grafton creeks: 3

11
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years) and two low-alkalinity streams along thetmshore of Lake Superior (Carp and
Big Carp rivers: 4 years). We continued monitomiagruitment on these four streams by
adding only 10 adult male and 10 adult female ag®gpleys above barriers in each
stream for five years starting in 2002 (Carp angl ®arp) or four years starting in 2003
(Port Britain and Grafton). These introductions neked alternative control methods
that reduced spawners to less than 1 spawning ésth@D nf of larval habitat for Port
Britain Creek and less than 0.5 spawning fenia@&nf for the other three streams, a
density below which we observed no high recruitnex@nts in our earlier study.

To determine whether the presence/absence of isgadg ammocoetes within
the Great Lakes was controlled by substrate parside, we quantified habitat
differences among study streams during the 200@ksagnseason by further classifying
Type Il habitat (gravel, cobble, bedrock) as svgdgor spawning (existence of gravel 1
to 5 centimeters in diameter for nest constructiaith small amounts of sand available)
or unsuitable (other streambed characteristicsakigApplegate 1950). We further
guantified the quality of suitable spawning aregsnolicating the embeddedness of the
substrate in suitable spawning areas using the @ételomess rating of Plaks al. (1983).
We analyzed the relative suitability of habitat §mawning-phase and larval sea lampreys
in the four study streams by separating each stiemiour equal-length sections and
evaluated the proportion of preferred larval habaaceptable larval habitat, spawning
habitat, and unsuitable sea lamprey habitat in saction.

An aspect of habitat quality is the distributionbotth spawning and larval habitat
in a stream. Because larvae are typically cadgnstream in the current after

hatching, suitable larval habitat (silt/sand) mustur somewhere downstream of suitable

12
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spawning areas (medium-sized gravel with sande presence of good spawning
habitat in the upper reaches and depositional doedarval habitats downstream may be
influenced by the gradient of a stream. Streardigrdas for study sections of the four
study streams were approximated using ArcGIS (darSi2 of Environmental Systems
Research Institute, Inc. 2007).

We fit the data to a Ricker stock-recruitment madehe form
(4) R,=alBE"",
Visual inspection of the stock-recruitment datarfrthis and other sea lamprey studies

indicate a decline in recruitment at large stoclesj consistent with the form of the

Ricker stock-recruitment model. The Rickeodel can be rewritten as a linear model
(5) In(%j =In(a) - B8 +¢

whereln(R/S)is an index of survival to age 1 (effectively n@tment, in this study)Sis

the number of female spawnéi80 nf of larval habitatp describes average survival
across stream-years when S is close to fedescribes the degree to which survival falls
as S increases, ands a normally distributed error term with meanazand variance>.
We combined data from multiple streams in our st@kuitment analysis by expressing
S and R as densities, scaled to the amount ofl laakatat (equations 1 and 2). We
justified this approach by hypothesizing (as isegally believed by sea lamprey control
biologists) that larval habitat rather than spawrhiabitat tends to limit recruitment in
Great Lakes streams. To test for evidence of cosgi®n we performed a regression of

In(R/S) on S to test whether the index of survivak higher at low stock sizes, indicated

when [3’ is significantly less than zero.
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The linear form of the Ricker stock-recruitmemdtion allowed us to use a
general linear mixed-effects model (Littelial. 1996) to assess other factors that might
significantly affect recruitment. We tested eaabtdr's main effect on recruitment, but

did not test higher-order effects due to sample kmitations. The full model was

(6) ln[hJ = In(a) +Vj +Xk +5I +Am +10n +bo +Cp _ﬁ[ﬁ +£jk|mn0p

jkimnop

j=1,..,4k=12;1=12,m=1,2n=1,..,.30=1,..9,p=1,..,37;

bo ~ N(O,sz), Cp~ N(01002)s Ejkimnop™ N(O1082)

a = Average survival across all streams when nurabspawners is zero
v ;= Lake effect (1=Superior, 2=Michigan, 3=Huron 41&¥o)

X «= Thermal stability effect (1=warm, 2=cold)

0 1= Alkalinity effect (1=below 100 mg/L CaC{2=above 100 mg/L CaGQ
A m= Consistency of sea lamprey production effectrfggular, 2=regular)

p n= Competitor effect (1=low, 2=moderate, 3=high)

b, = Year effect (random) (ten years of data from7t2007, excluding 2002)
C, = Stream effect (random) (37 streams)

[ = Density dependence term

€ jkmnog= Error term

Lake was used as a surrogate for the effect ofdogeagraphical differences in stream
locations. Thermal stability was included as &gatical variable, as stream
temperatures were determined, based on past arehtdata, by sea lamprey control
agents to either parallel air temperature (warnf)eomore regulated by groundwater
input (cold). In general, warm streams were thelsere summer water temperatures
frequently exceeded 20°C. The thermal niche ofdlessea lamprey is considered to be
between 17.8 and 21.8 °C, and lab studies foundmadsurvival of exogenous feeding
sea lamprey larvae reared at 21°C, and no suraivaB°C after a three-month period
(Holmes and Lin 1994; Rodriguez-Mufietal.2001). Alkalinity was used as a

surrogate for stream productivity, and streams wkassified as above or below 100

14



235 mg/L CaCQif reported average alkalinities from previous datae greater or less than
236 the cutoff alkalinity value. The factor “consistgrof sea lamprey production” refers to
237 ana priori categorization of streams by sea lamprey congehts into regular or

238 irregular sea lamprey producing streams. Regulzaycers are streams subjected to a
239 reliable cycle of lampricide treatments (i.e., the@ywe generally been treated every n
240 vyears, where n can be 3, 4, or 5 for a particutaasm). Irregular producers are subjected
241 to aless consistent cycle of treatment. The comopeffect was a categorical variable
242 and was based on estimated densities of nativer&yspf all agesl¢hthyomyzorspp.
243 or Lampetraappendi) and sea lampreys that were not age 1 in eachnstyear; i.e., all
244  lampreys that were potential competitors to agedllampreys. Categories were

245 <100/100 r(low), between 100 and 299/100 tmoderate), and >= 300 lamprey

246  competitors/100 fof larval habitat (high).

247 The full model included the year of recruitmenti@ream as random factors, to
248 account for year to year and stream to stream widitia(Littell et al. 1996). All effects
249 other than stream and year were modeled as fiXedtef To test whether the variance in
250 the index of survival that can be attributed tordwedom effects was significant, and to
251 see if year or stream as random effects shouldddeded in the final model a Wald Z
252 test was performed using SAS (Version 8 of the S&Stem for Windows, Copyright
253 2000, SAS Institute Inc). Random effects thatrbtl significantly contribute to the

254  variance in the index of survival were removed fribv@ full model. Corrected Akaike
255 Information Criterion (AIE) values and strength of evidence ratios were géeeusing
256 SAS and then used to rank potential models to aeterwhich combination of fixed

257 effects should be included in the best model (Bam& Anderson 2002). Strength of
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evidence ratios are simply the ratio of the Akaaeghts for any 2 models, and in this
case we used the ratio of the best model (loweStAtlo each other model, to indicate
how much more likely one model in the pair is coneplato the other (Burnham and
Anderson 1998) All models whose AlG values exceed the best model by three or more
or had strength of evidence ratios of greater themwere removed from further
consideration, since this suggests there is coraitieless statistical support for those
models (Burnham & Anderson 2004).

We ran a separate analysis on the four long-teualysdétreams established in this
study (a total of 31 stream-years worth of obséona) using the aforementioned
approach, but the mixed-effects model tested dmyeffect of stream, here as a fixed
effect, and year as a random effect on recruitmanation. The random effect and the
residual variances were modeled as normally disteih with mean zero and variangé

ando, 2, respectively.

Results

Doubling the size of the sea lamprey stock-recreithdatabase did not
substantially alter the overall pattern describedn earlier study (Jones al.2003).
Recruitment of sea lampreys was highly variable rgreireams, even after accounting
for the effect of stock size (Figag The regression of In(R/S) on S revealed a
statistically significant, negative slopg£ -0.1593, SE = 0.0226, [p€ 0) < 0.0001, df
=95; Fig. 3), which provides statistical eviden¢e@mpensation. As well, large
recruitment events (>400 age-1 larkdd¥® nf) occurred even at stock sizes belodQD

m?, although they were not observed at very low sgizks (< 0.2 femal&s00 nf; Fig.
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2b). In our four long-term study streams where weoithuced spawners at low levels
since 2002to mimic alternative control methods that reducawgper abundance,
recruitment was low (<400 age-1 lar/H@0 nf) in all cases (Fig. 4).

For the full dataset, the amount of variance initigex of survival attributable to
the random effects was close to zero, with botestr 6. = 0.600, SE = 0.422,
p=0.0776) and yeas§* = 0.105, SE = 0.183, p=0.2825) not contributirgniicantly to
the variance in the index of survival. Therefateeam and year were removed from the
model. The number of streams on which we had fdataach year of the study is
summarized in Table 1, with some years being uegeesented. Model selection on the
remaining effects indicated there were no reakd#ihces between the AICc values for
the full model and three reduced models (Tabls@)ye tested for significance of fixed
effects using the model with all fixed effects udéd. The resulting general linear model
revealed significant effects of stock size, lalansistency of sea lamprey production,
and competitor density. These were also the effibett appeared in all four top models.
Lake significantly affected survival (p=0.0003,s=7.111), and Tukey HSD pair-wise
comparisons indicated that streams tributary toelseé&uperior and Michigan experienced
significantly higher survival than streams tribytéw Lakes Huron and Ontario (Fig. 5).
Survival in streams with regular sea lamprey préidncvas significantly higher than in
those with irregular production (p=0.0007%,s=12.38). The density of competitors
significantly affected survival (p=0.0021; £=6.625), but contrary to expectations,
Tukey HSD pair-wise comparisons indicated signiitbalower survival in streams with
the fewest competitors (Fig. 6). The thermal ditgtand alkalinity effects were not

significant.
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304 The mixed model testing the effect of stream arabawting for year to year

305 variability on the four long-term study streamseaaled a large effect of stream

306 (p<0.0001, E17/=34.71) on survival. Tukey HSD pair-wise compansadicated Carp
307 River had significantly higher survival than otlstreams, followed by the Big Carp
308 River, Grafton Creek, and Port Britain Creek wiidngicantly lower survival than the
309 other streams (Fig. 7). The amount of variana@énindex of survival attributable to the
310 random effect of yeaw(’ = 0.449, SE=0.346, p=0.19) was not significantffedent

311 from zero.

312 Average competitor density across all years irsthdy streams was highest in
313 streams with higher survival and lowest in streartb lower survival (Table 3).

314 Temperature monitoring on the study streams duhegsummers (June-August) of 2003
315 and 2004 indicated that the stream with the higbestival had the lowest average

316 summer temperature, while the stream with the loweex of survival had the highest
317 average summer temperature (Table 3). Streamayadior the study sections of the
318 four study streams did not correspond with the nkeskpattern of survival among the
319 streams, but did fall within the range observedhyter (1954) (5-14.5 m/km) in

320 English sea-lamprey producing streams (Table ®ea&s with higher survival had

321 distributions of spawning and larval habitats tlvate most favorable to sea lamprey
322 production (Fig. 8). Embeddedness of suitable syragvhabitat was low (<5% of gravel
323 surface covered by fine sediment) in 70% or mosesdor all streams, with the

324  exception of Port Britain, which had the lowesteraf survival, where in 50% of the
325 cases embeddedness was more pronounced (up tofZ#tvel surface covered by fine

326 sediment).
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Discussion

In our previous analysis of compensatory mechanian@eat Lakes sea lamprey
populations we used a simulation model to showftihitre to account for compensation
and large density-independent variation in recrartwill lead to optimistic assessments
of the overall promise of pest control strategiesd target spawning sea lampreys (Jones
et al.2003). This study has confirmed our earlier firgdi of significant density-
dependent compensation and a large amount of ggndegpendent recruitment variation
for sea lamprey populations in the Great LakesnbaSor example, we observed
recruitment varying by almost three orders of magite (2.5 vs 2084 age-1 larvae per
100 nf) in streams with similar, low spawner numbers (@rdales /100 f).

Management models that are used to assess steategsea lamprey control aimed at
adult sea lamprey need to explicitly account faststock-recruitment dynamics.

We found that streams described by sea lampreygmogtaff as having a regular
and predictable cycle of lampricide treatment edgmeed significantly higher survival
than less predictable (irregular) streams. Thasltesuggests that not only are these
streams consistent sea lamprey producers, butailkeytend to produce more recruits at a
given stock size, which was also observed in amathely measuring sea lamprey
recruitment (G. A. Hansen, Michigan State Univergiersonal communication). We
also found that streams in Lakes Superior and gatiproduced higher survival than
streams from Lakes Huron or Ontario. Consistettit #iis finding, survival in our two
Lake Superior long-term study streams was higheam th the two Lake Ontario streams.

This finding was in contrast to what we might hax@ected, because in general Lake
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Ontario sea lamprey streams tend to be warmer amd productive and require
treatment with lampricide more frequently than atns on the upper Great Lakes.
Finally, we found that survival was higher in strsawhere the number of competitors
was greater, which again contradicted our predistio

We hypothesize that these results are the conseguémifferences among
streams in habitat quality. Our meta-analysisudetl streams from throughout the Great
Lakes that were representative of sea lamprey ptipaldynamics, but were not selected
at random. Stream habitat quality for sea lampregy, in general, be better in Lakes
Superior and Michigan than in Lakes Huron and Ootar the streams included in this
study may simply have had better habitat qualitshanfirst two lakes. It seems plausible
that streams classified as regular producers hetterthabitat, and similarly that streams
with better habitat have larger populations ofweatampreys (i.e., competitors).

We observed relatively high survival in the CarpdRiand low survival in Port
Britain Creek, consistent with our hypothesis thalbitat differences may explain
recruitment variation. Of the four study streaf@arp River was the only one classified
as a regular producer and age-1 larvae experighedaghest survival in this stream.
Carp River also had the largest amount of spawhaigtat in the upper reaches and the
largest amount of preferred larval habitat in th&dr reaches in comparison with the
other study streams. Youmrgal.(1990) also found that the presence/absence of sea
lamprey ammocoetes within the Great Lakes was olbedi, to a large degree, by
substrate particle sizéAverage competitor density across all years wakdrigh streams
where higher survival and favorable habitat wasoled and lowest where lower

survival and unfavorable habitat existed.
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An important next step in process-level researcéeaflamprey recruitment
variation will be to develop measures of habitffiedences among streams, measures
similar to those investigated in this study, thapear to explain recruitment variation. .
Alternative quantitative descriptions of habitapply, that account for the juxtaposition
of spawning and larval habitats on an ecologicalganingful scale (Derosiet al.

2007), should be included in future investigatiohgecruitment variation. If a measure
of habitat supply can be shown to explain signifiamong-stream variation in
recruitment after accounting for density-dependstuck) effects, then this factor should
be used to inform management. Streams with and#moe of good habitat would
require greater reductions in spawner numbershaeee target recruitment levels, on
average, and thus may not be preferred candidatedtérnative control.

Both the full meta-analysis model (97 stream-yeans) the study stream model
(31 stream-years) revealed that the year of renant, specified as a random effect, was
not a significant component of the overall varianceurvival among observations.
Myerset al. (1997) looked at recruitment variation among papahs of 19 species of
fish from marine, marine-freshwater (anadromousl) faeshwater habitat, and noted that
recruitment patterns were correlated over time agm@arby (<500 km apart)
populations of marine fishes but only weakly andhairt distances for freshwater
species. Similar patterns of temporal covariatiase been demonstrated for north
Pacific stocks of sockey®©fcorynchus nerRaand pink Oncorynchus gorbuscha
salmon within but not among broad regions sucthad-taser River and Bristol Bay
(Petermaret al. 1998; Pypeet al.2001). These studies suggest that moderatege-lar

scale, temporally variable environmental factofkience fish recruitment in marine
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systems, but are less important in freshwater By&teA significant effect of stream in
the four-stream model, and the significance of ss\atream-level fixed effects in our
full meta-analysis model indicates that in sea lawyp, where recruitment (as we have
defined it here) takes place in individual strearasyuitment variation appears to be
more strongly influenced by stream-specific factorsby interactions between stream-
specific factors and temporally varying environnaféctors.

Our results can be used to specify a level of cboim adult sea lamprey
reproduction required to reasonably ensure suafes$ernative control strategies. We
did not observe large recruitment events (>400laigevaé100 nf) when spawner
abundance was below 0.2 fem&1€9 nf in either the full data set or the long-term study
streams data set. When planning future alternatwérol initiatives, such as trapping
and/or sterile male release, sea lamprey manalgetsdsaim to reduce spawner
abundance to this value or below to try and enkweecruitment of sea lamprey
populations.

Of the 35 cases in this study where natural spagypapulations were estimated
rather than intentionally introduced, over 80% bpdwner abundances greater than 0.2
female4100 nf of larval habitat and over 50% had spawner aburetagreater than 1
femald100 nf. To the extent that these streams are typicstaflamprey producing
streams in the Great Lakes, this implies that adhgethe target abundance of 0.2
female$100 nf in approximately half of the streams will requirapping efficiencies (or
reductions due to both trapping and sterile mdases) of 80% or greater. Currently in
Great Lakes streams (2006 data), sea lamprey trgfiiciencies range from 7% to

91% with a mean trapping efficiency of 39% (G. QriStie, Great Lakes Fishery
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Commission, personal communication). However,meoesearch has demonstrated that
sea lamprey pheromones hold considerable promiadad to enhance trapping
efficiency (Wagneet al.2006, Johnsoat al. 2006), which may make the targets implied

by our recruitment research more easily attainable.
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538 Table 1. The number of streams for which thereats th the years of the study.
Number of
Number of streams in
Recruitment streamsin  four-stream

year full dataset dataset
1997 7 1
1998 17 2
1999 25 4
2000 25 4
2001 6 3
2003 2 2
2004 4 4
2005 4 4
2006 4 4
2007 3 3
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560 Table 2.Top models from best-subsets model estimation pte@x sea lamprey
561 recruitment variation. The full model is indicatieg an asterisk with the fixed effects

562 spelled out.

Model parameters AIC ¢ Strength of
evidence
R
|n(§j =IN(@) +Vsymo + Opa t A, Oy —BB+e 345.7686 1.00

R
* |n(§j = |n(a’) + VS,H,M,O +Xw,c + Jb,a +Ai,r + pl,m,h - ,B [B+¢ 345.9195 1.078

* (lake) + (thermal stability) + (alkalinity) + (sdamprey production) + (competitor density)

R
|n(§j =In(@) +Vsymo * A, O mn —BB+E 347.9351 2.954
R
|n(§j =IN(@) +Vsymo + Xwe T Ay + Oimn — BB+ 348.2819 3.514
563
564
565
566

567 Table 3. Comparison of salient characteristics agrtbe four study streams. Standard

568 errors are shown in parentheses.

Average
Index of Consistency Average summer
survival Stream of sea competitor density temperature
(Least square gradient lamprey (competitors /100  during 2003-
Stream means) (m/km)  production m?) 2004
Carp 6.95 12.9 Regular 841.6 (204.4) 15.7 (0.147)
Big Carp 5.40 8.5 Irregular 842.6 (207.1) 17.278)
Grafton 3.69 13.6 Irregular 540.9 (118.2) 16.7148)
Port Britain 2.01 7.9 Irregular 137.9 (60.9) 19.1 (0.148)
569
570
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571 Figure Captions
572 Figure 1. Location of streams from which we obgdiisea lamprey stock-recruitment
573 data. The four long-term study streams are higkdig with names. The numbers

574 indicate the number of years of stock-recruitmexthdve have for each stream.

575 Figure 2. Females and yearling sea lamprey nunaserexpressed as densiti€¥ nf
576 of larval habitat4) observed stock and recruitment for 97 streamsyaad b) includes

577 only data when spawner densities were less tHeB05T.

578 Figure 3. The linearized sea lamprey stock-regreitt relationship (In(R/S) versus S)
579 for the data plotted in Fig. 2. Ln(R/S) is an inaé sea lamprey survival to age 1. The

580 regression line estimates are shown in the graphlpa

581 Figure 4. Observed sea lamprey stock and recruitment fofainelong-term study
582 streams when spawners were introduced at low l¢wéléemales /100 frto mimic

583 alternative control (17 stream-years).

584 Figure 5. Least squares mean plot of In(R/S) @& sea lampreys versus lake from the

585 general linear model on all available data (eramshrepresent 95% confidence intervals).

586 Figure 6. Least squares mean plot of In(R/S) @4 sea lampreys versus
587 competitorsl00 nf of habitat from the general linear model on ahitable data (error

588 bars represent 95% confidence intervals).

589 Figure 7. Least squares mean plot of In(R/S) @4 sea lampreys versus stream from
590 the mixed-effects model on the four long-term stattgams (error bars represent 95%

591 confidence intervals).

31



592 Figure 8. Sea lamprey habitat observed in the lfmg-term study streams, illustrated in
593 four equal-length sections located from furthestrgam to furthest downstream for each

594  stream.
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APPENDIX 2

Estimation of larval sea lamprey survival using legth-based age-assignment and catch-at-age
analysis methods
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INTRODUCTION:

Since 1980 the Great Lakes Fishery Commission (GL&S utilized models designed to forecast the
consequences of alternative sea lamprey managekans and to make informed choices
regarding the allocation of treatment efforts oraanual basis as a part of the integrated managemen
of sea lamprey (IMSL) management strategy (GredyMaisner 1991; Christie and Goddard 2003).
The reliability of decisions made based on popaitathodels is directly related to the accuracy ef th
parameters describing population processes coutaiithin them. The parameters used in the
population models developed in the 1980’s and 196&€lied on very limited demographic

information about sea lamprey populations. Sihe¢ time, the development and implementation of
guantitative assessment techniques have yieldgd &mounts of larval sea lamprey abundance data
that, combined with advances in methods for anatyfisheries data (Quinn and Deriso 1999), could
allow for a more accurate estimation of larval lsgaprey population rates. We have used all
relevant quantitative assessment data to estiraatal lsea lamprey survival rates across a variety o
stream reaches, years, and larval ages. We bétiavéhis comprehensive analysis of relevant data
likely to yield the most accurate estimate of lasuarvival possible given the current state of
knowledge, and that improving our estimates ofdhsurvival will lead to the improved reliabilityf o
model predictions and analyses used to guide desishade by the GLFC.

OBJECTIVE:

Develop improved estimates of larval sea lampreayigal using all available quantitative survey
data.

METHODS:

Data assembly

All guantitative assessment sampling (QAS) eleghirfig surveys conducted from 1995-2006 were
initially examined to determine their utility fonis analysis. Surveys described in Jones et @D32
which are more intensive than QAS surveys and Wesggned to provide a precise measure of larval
abundance, were also used considered for thissisalurveys were selected for this analysis if
individuals were collected in two or more conse@ifears on the same stream reach with no
chemical treatment occurring in between. Surveysioing on the same reach in consecutive years
were assigned to the same “cycle”, meaning a sefigsars throughout which age classes could be
tracked. Multiple surveys from one year were uselg if they occurred within 30 days of each
other.

Electrofishing surveys do not capture all larva Bempreys present in a surveyed plot, and
probability of capture depends on the length oinalividual, the density of individuals in the pltihe
mean depth of the plot, and the conductivity ofstream (Steeves 2002). Some surveys identified as
useful for this analysis did not have associatediootivity and/or depth values. For these surveys,

we assembled all conductivity and depth values measured for each stream reach that was missing
data. We then assigned conductivity and depthegatio surveys from which they were missing by
randomly drawing them from the distribution of veduever observed for that reach. Catch data from
electrofishing surveys was then converted to aboceldata using the catchability correction

algorithm as described in Steeves (2002).

Age assignment

We used a statistical method for objectively estinggage composition from length-frequency data
to assign ages to our estimates of larval abundai8mhnute and Fournier 1980). We used this
method because it is difficult to distinguish rbliabetween multiple year-classes of larval sea
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lampreys based on length information alone (PA®8&0). The statistical method of age assignment
relies on an assumption about the growth dynaniittsedfish stock of interest; we assumed larvae
grew according to a von-Bertalanffy growth functemd that individual variation in length increased
linearly with age. The model estimated proportiahage for each year in a given cycle
simultaneously. If the model converged and sudaokggstimated proportions at age from a set of
length-frequencies, these proportions were mutipby the total catch and divided by the area
surveyed to generate densities of the differentctagses for a given stream reach across all years
which survey data were available.

Survival estimation

Survival was estimated using a catch-at-age arsalgsieach stream reach and cycle (Quinn and
Deriso 1999). Densities of individual cohorts afiae from each reach were tracked through
multiple years, and survival was estimated usingeoled densities at age.

To conduct the catch-at-age analysis, several pEaswere estimated. The density of larvae at age
1 (recruitment) for stream reaghnd each year (D iy 1) was assumed to vary around some mean

recruitment level with multiplicative error:
-0 Eiy.
Dj,y1=Dja e hY;
where 5j 1 and Ejy €|y —1were parameters estimated by the model,zmqi, y = 0.

Similarly, the density of larvae at year 1 of aderastream | Dj 1, a) was assumed to vary
around a mean density level with multiplicativeoerr

nNe. . * 6 .
Dj1a=Dj1*e )2,

where 5] 1 ando j2: were parameters estimated by the model, and

0] Nages-1
Zdj,a =0.
a

Densities at ages a+1 and years y+1 were estimatag the following equation:
Dj,y+La+1=Djya”S

where S is the survival parameter estimated by the moéd. attempted to estimate a single
survival rate for all stream reaches combined, eléas for each lake and for each reach separately.
The model did not converge for the majority of leeewhen all data were included. We then
attempted to re-run the analysis using only strezanhes for which the model was generally able to
converge. All parameters were estimated on thadade. The log concentrated likelihood for the
lognormal distribution was used as the objectivecfion. A maximum gradient of <10 was
considered a necessary criterion for model convege All age assignment and survival estimation
was conducted using AD Model Builder (Version 6.6f Dtter Research 2000).

RESULTS:
Data Assembly
Data from 243 reaches and 685 stream-years wasileohfipr this analysis, and age composition

estimates were attempted from length frequencyimtion for a total of 308 cycles.

Age Assignment
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Of the 308 cycles used as inputs for the age assighmodel, proportions at age were successfully
estimated for only 76 of these cycles, or approxetys?5%. Comparison of data characteristics of
cycles that worked to those that did not work is 8tep of the analysis did not reveal any common
characteristics necessary for successful estimafipnoportions at age (e.g., minimum number of
individuals, minimum number of age classes, etc.).

Survival Estimation

When all data for which we were able to assign@gepositions were included in the survival
analysis and a common survival estimated for &#daand stream reaches, the model did not
converge on a single solution. When a separatevsilirate was estimated for each lake, again, the
model did not converge. When survival was estichaeparately for reaches, the model was able to
successfully estimate survival rates for 12 reachéhk estimates ranging from 0.11 to 0.75 (Table
1). Survival could not be estimated for any streaathes from either Lake Erie or Lake Ontario.
When a single survival estimate was attempted umigdata from these reaches, the model did not
converge.

DISCUSSION:

In this analysis, we used all quantitative sea laypssessment data available, and employed
sophisticated statistical methods to generate tiessit age, and subsequently survival estimates.
We feel that our approach utilized the most extendata available and the statistical methods most
likely to produce accurate survival estimates. fiteghese efforts, overall we feel that the sualiv
estimates obtained from this analysis are nothigianough to recommend updating existing
models. The current Empirical Stream TreatmentiRa@n(ESTR) model assumes a survival
estimate of 0.2, which was based on expert opiamah“best guesses” of lamprey managers (M.
Kuc, Great Lakes Fishery Commission, personal conication). The reaches for which we were
able to obtain estimates indicate that survival mery substantially between reaches, and this best
guess estimate may be more accurate for some setarefor others. However, because we were
able to estimate survival for only a small portarthe total number of infested reaches in the Grea
Lakes basin, we cannot draw reliable broad conmhssabout larval survival, and do not feel any
changes to the ESTR model are justified on theskiEghis analysis.

Our analysis was constrained greatly by our inghiti assign age composition to a large number of
surveyed reaches. Assigning age compositions keogth-frequency data requires large numbers of
individuals. If a small number of individuals weraptured in a given year or the separation between
year classes was not sufficiently distinct to allbm model to distinguish between year classes, tha
year of data could not be used for further analy€iften times the inadequacy of the data for one
year would have a disproportionate effect, in ttet from an entire cycle could be eliminated from
further use if the year for which the model washledo assign age information interrupted a set of
consecutive years. Therefore, we recommend thatefuesearch focuses on reliably estimating age
compositions of larval populations in order to ilmyge our ability to estimate larval survival.

The small number of reaches and cycles for whichvere able to generate a survival estimate
indicates that the data in the majority of areasssfficient for this type of analysis. We recosmd
that future attempts to estimate larval survivd tgoon additional surveys specifically designed to
estimate larval abundance across all age classasultiple consecutive years uninterrupted by
treatment. In the absence of a study specificibigned for this purpose, it is unlikely thatable
survival estimates will be generated.

44



Reference List

Christie, G.C. and C.I. Goddard 2003. Sea Lampm&grhational Symposium (SLIS II):
Advances in the integrated management of sea lgnipitbe Great Lakes. Journal of Great
Lakes ResearcP9 (Supplement 1):1-14.

Greig, L. and Meisner, D. 1991. Manual for the agament protocol for the implementation of
integrated management of sea lamprey in the Graegd basin. Great Lakes Fishery
Commission, Project Completion Report.

Jones, M.L., R.A. Bergstedt, M.B. Twohey, M.F. Fled®.W. Cuddy, and J.W. Slade 2003.
Compensatory mechanisms in Great Lakes sea larppmaylations: Implications for alternative
control strategies. Journal of Great Lakes Resez@dlSupplement 1):113-129.

Potter, I.C. 1980. Ecology of larval and metamoghg lampreys. Canadian Journal of
Fisheries and Aquatic Sciencgs. 1641-1657.

Quinn, T.J. and R.B. Deriso 1999. Quantitative fighamics. Oxford University Press, New
York.

Schnute, J., and Fournier, D. 1980. A new approadbngth-frequency analysis: growth
structure. Canadian Journal of Fisheries and Aqugtience87: 1337-1351.

Steeves, T.B. 2002. Uncertainty in estimating segprey Petromyzon marinysabundance in
Great Lakes tributaries. Master’s Thesis, Michi§aate University, East Lansing, MI.

45



Table 1. Survival estimates (S) for all reachesafbich
the model converged on a solution.

Stream Stream Name
Lake Number Reach S
Superior 10064 Sucker River 2 0.11
Laughing Whitefish
Superior 10122 River 1 0.12
Superior 10295 Ontonagon River 5 0.20
Michigan 10023 Millecoquins River 4 0.54
Michigan 10046 Milakokia River 4 0.30
Michigan 10093 Sturgeon River 4 017
Michigan 10185 Baily Creek 1 0.57
Michigan 10467 Jordan River 3 0.29
Pere Marquette
Michigan 10562 River 7 0.63
Huron 606 French River 2 0.45
Huron 10144  Cheboygan River 11 0.75
Huron 10144  Cheboygan River 13 0.21
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ABSTRACT

Accurate forecasts of the number of larval segplawy Petromyzon maringswithin a
stream that will enter into metamorphosis areaaitto currently used methods for allocating
lampricide treatments among streams in the Greleed basin. To improve our ability to predict
metamorphosis we used a mark-recapture technigualying the marking of individual larval
lamprey with sequentially coded wire tags, to camhnformation regarding individual and
stream level parameters collected in yeavith direct observations of metamorphic outcorhe o
lamprey recaptured in yetrl. We used these data to fit predictive models of metahosis.
The best model demonstrated excellent predictipalzisities and highlighted the importance of
weight, age, larval density, stream temperaturegaadjraphic location in determining when
individual lamprey are likely to transform. Whilei$ model was informative, it required data
whose measures are not practical to obtain roytishaling the larval sea lamprey assessment
program. A second model, limited to data input$ taa be easily obtained, was developed and
included length of larvae the fall prior to metaploosis, stream latitude and longitude, drainage
area, average larval density in type-2 habitat,serehm lamprey production category (a
measure of the regularity with which treatmentsracpiired). This model accurately predicted
metamorphosis 20% more often than current modetsethmorphosis; however, we
recommend further validation on an independenbttstreams before adoption by the Great
Lakes Fishery Commission for ranking streams.

INDEX WORDS: sea lamprey contrdtetromyzon marinysnetamorphosis, predictive model
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Introduction

The invasion of the Great Lakes by the parasiticlamprey Petromyzon marings
and the subsequent impacts on both fish populatiodghe ecosystem as a whole have been
well documented (Smith & Tibbles 1980; Peaet@l. 1980; Christie and Goddard 2003).
Since 1958, the lampricide 3-trifluoromethyl-4-ophenol (TFM) has been used by the Great
Lakes Fishery Commission (GLFC) to reduce the ahnoe of sea lampreys in Great Lakes
streams, resulting in a significant reduction irrll sea lamprey abundance in the Great
Lakes (Smith & Tibbles 1980). Owing to the factttkthe larval stage lasts several years
(Manion & Smith 1978), it is neither necessary oost-effective to treat all sea lamprey
producing streams with TFM every year. Effectivapaicide control, therefore, requires
choices to be made about which streams to tre&tyssar. The logistics of the sea lamprey
management program dictate that information fos¢hghoices be gathered one year prior to
the anticipated year of stream treatment. Spedificais important to know what the sea
lamprey production is in a given stream and whapgprtion of the sea lamprey population
present is likely to undergo metamorphosis andreéhteGreat Lakes as parasitic-phase sea
lampreys the following year. In this paper we depedn empirical model of metamorphosis
and discuss why it might provide a preferred aléwue to the current methods for predicting
metamorphosis.

Methods used to select streams for treatment haaneged considerably since the
beginning of the lampricide program. Initially, $ettive decisions about the treatment of
streams were made based on the observed presealsgenice of substantial numbers of large
larvae during stream sampling. In 1982, the GLRiGated a program of integrated sea

lamprey management (IMSL), which among other thicegted for a more objective approach
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to balancing the benefits and costs of controladteves (Sawyer 1980). Adoption of this
approach led to the need for a more rigorous giziveé method to determine the sea lamprey
population in streams and thus the potential benéBtream-level control decisions. In 1995
the GLFC adopted a quantitative assessment su@&$) and stream ranking methodology,
which combines survey data on larval density argtagwith predictive models of growth

and metamorphosis to forecast the number of parasége lampreys that will leave a stream
the following year. Streams are selected for laowbei treatment based on this estimate of
parasitic escapement relative to the cost of strieaatment.

Metamorphosis in larval sea lampreys comprisesaa@h in both physical form and
behaviour; from blind, burrowing, filter-feeding amcoetes to eyed, free-swimming
juveniles that are predators on teleost fish (Youg@03). The models that are presently used
to forecast when metamorphosis is likely to occarendeveloped by collecting and
measuring lengths of larvae and recently metamaghquveniles (transformers) during
lampricide treatments. Estimates of stream-speaiferage daily growth were used to alter
the length of sea lamprey larvae from the yeamdiection to their estimated length at the end
of the previous year, while for transformers it veaasumed that no growth in length would
have occurred. This latter assumption was justifigdesearch suggesting that larval sea
lamprey enter a period of arrested somatic growithr po entering into metamorphosis,
instead directing energy intake to build up lipgderves (Potter 1980; Holmes & Youson
1997). Logistic regression was then used to fitlet® to these data to forecast the length-
dependent probability of metamorphosis in the felig year. At present, two regional
models are used to predict metamorphosis in thatGakes (Hanseet al. 2003); one for the

upper lakes (Lakes Huron, Michigan, and Superiod) @ne for the lower lakes (Lakes
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Ontario and Erie). Although these models were dgped from the best data available at the
time, the assumptions that growth is constant tinout the larval phase, that animals enter
into an arrested growth phase prior to metamorghasid that length is the only critical
factor in determining the onset of metamorphosistribute substantial uncertainty to our
ability to select the most appropriate streamsriEatment (Steeves 2002).

An independent review of the assessment and straaking process (Hansen al.
2002) identified length-based probability of metaptwsis models as a major source of
uncertainty that currently limits confidence in taection of streams for treatment.
Collections made at the time of lampricide treattpas well as numerous field and laboratory
studies, have documented that length at metamoigpbas be highly variable both among
and within streams from year to year (Manion & &@&ul970; Purvis 1980; Morkeet al.
1998). Previous research has suggested that indiviednd population-level variables such as
sex, age and larval density, along with streamtlemgironmental parameters such as
temperature, stream location, and water chemistayacteristics may affect growth and/or
metabolism in such a way as to introduce variabditer both space and time in rates of
metamorphosis (Morman 1987; Murdoethal. 1992; Rodriguez-Munoet al.2003). Near the
end of the larval phase, somatic growth tends toedse as metabolism shifts to the
accumulation of lipids (Lowet al 1973; Yousoret al. 1979). Potter (1980) documented an
increase in lipid content of larval sea lampresrfrapproximately 4%, up to 14% prior to the
onset of metamorphosis. This phase of reduced droamplicates the use of length as the
sole predictor of metamorphosis, because two grotifnpreys in different stages of

development may exist in a single length-classsehtbat recently attained that size, and those
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that attained their size earlier, and have shifiteoh somatic growth to the accumulation of
lipids (for review, see Youson 2003).

Accurate measures of lipid content in fishes havwd tecently required lethal
sampling, which eliminates the ability to observe individual's metamorphic fate and
thereby empirically establish the link betweendgpand the onset of metamorphosis. Other
models of metamorphosis have attempted to accourhis stage of lipid accumulation by
using various measures of condition (e.g., Fulteoisdition factor = weight/length10°)
(Holmeset al. 1994; Hensorrt al. 2003). Unfortunately, there is often an inverdatienship
between lipids and water content in fishes, and thareases in lipid content are not
necessarily reflected in proportional increasesass or condition (Yousaat al. 1993;
Holmes & Youson 1994; Jonas al. 1996). While hormonal and metabolic studies have
illustrated the utility of condition factor in prieting metamorphosis in close proximity to the
event (Youson 2003), these models have not pertbisd at predicting metamorphosis
many months in advance, as is required to rankarsis for lampreicide treatment (Treble
2006).

The objective of this study was to develop a pageanodel of metamorphosis in
larval sea lampreys based on direct measuremeirdioidual lamprey and stream-specific
characteristics. Because previous research hasasmpl the importance of lipid
accumulation in preparing larvae for metamorphdhis,study incorporated direct, non-
invasive estimates of lipid content in additiorotber biotic and abiotic variables. By
combining individual mark-recapture data with stneand year-specific measures of
temperature and water chemistry parameters, odngtmexplain some of the variation

associated with metamorphosis in Great Lakes $epréy populations. Our overall objective
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was to improve our ability to predict metamorphasisl thus more accurately rank streams

for lampricide treatment.

Methods
Our approach, following methods established bylé#in{1998), was to collect and

individually mark large sea lamprey larvae fromesay Great Lakes streams where
lampricide treatment was anticipated for the foilogvyear. Suitable streams were selected
through consultation with both United States Fistl wildlife Service (USFWS) and
Department of Fisheries and Oceans Canada (DFQausgeey biologists, who identified
streams with abundant populations of large seatdeynprvae (length>100mm) that would be
likely candidates for a fall lampricide treatmeme following year. Eight streams were
selected from across the Great Lakes basin (Fibjutfeat fit these criteria, as well as provide
contrast in geographic location, water chemistny anval densities.

INSERT FIGURE 1

In late summer of 2003, larval sea lampreys m&agwl00 mm were collected from
Bowmanville Creek, Little Sandy Creek, and Pandaker, using AbP-11 DC backpack
electrofishing gear (University of Wisconsin Enggnag Technical Services, Madison, WI).
Animals were anaesthetized using clove oil, meaktmelength (1mm), weight (+0.019),
and scanned for total body electrical conducti¢it@BEC) using an EM-Scan Model SA-
3000 Small Animal Body Composition Analyzer (EM-8dac., Springfield, IL, 62704-
5026). TOBEC provides a non-invasive index of lipahtent based on the electrical
impedance created when an individual is placediwdaHow-frequency electrical field
(Piaseckiet al. 1995; Scott et al. 2001; Treble 2006). Followihg tnethodology described

by Bergstedet al. (1993), larval lampreys were injected with an wdiially identifiable
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coded wire tag (CWT; Northwest Marine Technologya® Island, WA, USA) and released
back into their natal stream. The same proceduscusad in 2004 on larvae from Ceville
Creek, Juniata Creek, Silver Creek, Root River@ngtal Creek. In both years, following
the release of tagged larvae, temperature loggEd80 Water Temp Pro, Onset Computer
Corporation, Pocasset, MA, USA) were installed witine release area and set to record
water temperature every 4 hours.

The year following marking, streams were visitedate August to mid October
during a scheduled lampricide treatment. Using loagdled scap nets, crews collected dead
and dying larval and metamorphosing sea lampreutitrout the study section of stream,
from the uppermost point where marked animals welezsed, to the downstream limit of
wadable water. Drift nets were also placed at blatpoints throughout the study area to
collect dead and dying animals as they drifted dsiveam with the lampricide block. After
the treatment was completed, collections of lampregre scanned for the presence of CWTs,
using a Northwest Marine Coded Wire Tag V-Deteaod lampreys containing a CWT were
measured for length and weight, and then frozeiviehgally for transport back to the lab. A
complete summary of marked and recaptured lampoay the eight study streams is
provided in Table 1.

INSERT TABLE 1

Averages of alkalinity, pH, and conductivity measuents were calculated from
water chemistry records of both current and paonpricide treatments. Temperature loggers
were retrieved following treatments and the datardoaded. In two instances, loggers were
lost, so temperature data from nearby streams usae as surrogates. On the Root River,

temperature data from a logger installed in a taby Crystal Creek, was used, and on Little
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Sandy Creek, data were obtained from two nearleasts and the average of the two daily
temperature values was used (Fisheries & Oceansdaaea Lamprey Control Centre,
unpublished data).

Based on larval assessment and treatment dataetamprey control program,
estimates of the average larval density in typegtifhal) and type-2 (satisfactory) habitat
(Dustinet al. 1989; Sladet al.2003), along with the number of years since e&@as was
last treated, were added to the list of the vagmlelxamined. Streams were also categorized
based on the regularity with which they are tregéedl this was added as a categorical
variable. Category one streams tend to have retrelaiment intervals and consistent
recruitment after treatment, whereas category tsireams exhibit irregular treatment and
lamprey production cycles; category two streamsraegmediate between these two
extremes (Anderson 2007). The geographic locati@ach stream mouth (latitude/longitude
(decimal degrees)) and the size of its drainage @r&) were obtained from the Sea Lamprey
Control Centre’s GIS database. A complete listtiidfaan-level characteristics for each stream
used in this study is presented in Table 2.

INSERT TABLE 2

Laboratory Methods
Tags were retrieved from recaptured lamprey bysiog larvae with a V-notch
detector and continuously sectioning each taggegiay until the tag was found. Tags were
cleaned, mounted between two magnetic brass peanilisread using a stereoscopic

dissecting microscope. Tag numbers, age, gendemerelopmental stage of each recaptured
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animal were matched with measurements taken osatme individual when they were
marked and released the previous year.

The age of recaptured lampreys was determinedtogating the statoliths following
procedures described in Hollett (1998). Extractatbsiths were stored in a multiwell plate
containing immersion oil for a period of 10-15 datgsimprove the transparency and clarity
of the annuli before being mounted to numericatlgled slides using a small amount of
Crystal Bond" adhesive. Statoliths were aged by three peopileg @ascompound
microscope, without prior knowledge of the lifeggasource stream, or previous age
assignments. The interpreted ages were then cotpard statoliths where there was no
agreement among readers (n=33) were removed frairefuanalysis.

The sex of recaptured lampreys was determinedviatlg procedures described by
Docker and Beamish (1994). Portions of recaptusetpleys were cross-sectioned while
frozen and microscopically examined for the presesfcovaries. The remaining portion of
the lamprey was fixed in a 10% formalin solution later independent verification. Where
the state of the specimen precluded the deterromafi sex (n=11), the animal was removed
from the dataset. Estimates of pre-metamorphid Mpeight and percent body lipids were
generated using empirical models developed spatiifitor larval sea lamprey (Treble 2006),
that combine larval condition factor and TOBEC meaments (taken at the time of marking)
to provide an estimate of lipid weight.

Data collected from temperature loggers were usggnerate several possible
explanatory temperature variables. For each strd@mumber of days within a suitable
temperature range for metamorphosis (9-25°C) (Hel&n&ouson 1998), the number of days

within 2°C of the optimal temperature for metamarpis (21°C) (Holmes & Youson 1998),
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the average temperatures for each of the threehmdedding up to the onset of
metamorphosis (April, May, June), and the overabmannual temperature were calculated.
A measure of the spring warming rate was also duetli) calculated as the average daily
increase in water temperature, starting when stsgaached the lower thermal limit of 9 °C,
and ending when the stream was within 2°C of tlyggested optimal temperature for

metamorphosis (as some streams did not reach 2ZH®&Ghes & Youson 1998).

Statistical Methods

We used a best-subsets multiple logistic regragsichnique (Statistica Version 7,
StatSoft Inc.,Tulsa, OK, USA), with the developnatriate of individual sea lamprey (larvae
versus transformer) as the dependent variablegrtgppare among models with different sets
of independent variables. Corrected Akaike’s Infation Criterion (AIG) values were used
to compare models, as sample size relative todh®er of possible parameters was low
(Burnham & Anderson 2004). Because Alzalues could only distinguish between models
differing by more than a value of two, variancdatibn factor (VIF) was used to remove
models that contained highly correlated variabtemfthe list of possible models. Model
averaging was also used to develop a model thaavigbrid of the top models (Burnham &
Anderson 2004). Given the large number of potentailables involved (N = 21), a Principal
Components Analysis (PCA) was also performed tafseéess redundant, more
parsimonious model would have improved predictiapabilities over the other models. The
Kappa statisticK) (Cohen 1960) was used to select the final mdmeded on a confusion
matrix (Manelet al.2001). Parameters for the final model were thémesed using a mixed-

effects generalized linear model with stream aanadom effect.
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Once the top model was selected, its ability edmt metamorphosis in larval sea
lampreys was compared with that of two metamorpiodels in common use, also using the
Kappa statistic. These two models were: (1) thertgion length-based probability of
metamorphosis model currently used by the GLF@énempirical stream treatment ranking
(ESTR) software (Christiet al. 2003); and (2) a minimum criteria (MC) model, whiets
minimum thresholds for length, weight, and conditfactor before metamorphosis is
predicted to occur (Holmes & Youson 1994; Holmeesal. 1994; Hollett 1998; Henscet al.
2003). The number of correct transformer predicjdhe number of correct predictions
overall (of both larvae and tranformers) and th@paastatistic were all used to compare the
performance of each model relative to the other two

Because one purpose of this study was to devetopdel that could be used within
the framework of the Great Lakes Fishery Commissistream ranking process, a second
model analysis was performed to develop a manageonemted model, following the same
procedures as described above. In this analygstiite of variables used was limited to
those that could be readily collected by field fstafer the course of the field season.
Additional stream-specific data were obtained frasimilar mark-recapture study that was
performed in 1995/1996 (Hollett 1998), allowing tbe combination of these two data sets
and providing an increase in both the number efastrs and the overall number of
observations with which to develop the managemertdeah

Results
General Findings

Recaptured lampreys that entered into metamorpkasis significantly longer and
heavier in the fall (at the time of marking) th&wose that did not (Table 3), with significant

differences in the average size of both larvaeteartsformers from different streams. There
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was not a significant difference in size (eithergth or weight) between male and female
larvae or transformers (Table 3). There was a Bagmit trend for the growth of larvae to be
greater in southern and eastern streams of tha fas0.26, p<0.0001, N=212 for both
latitude and longitude) and in streams with higbidrvalues (r=0.22, p<0.01, N=212). Of the
eight temperature parameters explored in this arslgnly the average temperatures during
May and June were significantly related to growthtloe set of streams in this study (May:
r=0.19, p<0.05; June: r=-17, p<0.05). Growth ratesategory 1 and 2 streams, while not
significantly different from one another, were sfgrantly higher than growth rates from
category 3 streams (one-way ANOVA, kg=6.035, p =.0030).

INSERT TABLE 3

Biological Model Analysis

The number of lampreys available for the developroéthe biological model
analysis was reduced from the original 212 recagtto 168, because reliable estimates of
age or sex could not be determined for 44 larvae.Jest-subsets model selection procedure,
using the full suite of variables, produced adis29 potential models, all with AlCvalues
differing by < 2 (Burnham & Anderson 2004). The a$grincipal components to identify
independent variables did not improve model fit.

Since AIG values alone were not able to identify a singl&t lbgodel, the ability to
correctly predict the occurrence of metamorphasigsdividual lamprey and the kappa
statistic were added to the selection criteria,lteg) in the selection of a model that
contained a measure of lamprey weight and ageveliss the stream-level effects of stream
latitude, longitude, average larval density in t@peabitat, and the number of days where the

water temperature was between 19 and 23°C,. Thikhworrectly predicted the fate of 92.9
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% of the recaptured animals, and 82.2% of thoseuthderwent metamorphosis (Table 4).
The kappa statistic value for this model was 0.81#86ch indicates nearly perfect agreement
(Landis and Koch 1977).

INSERT TABLE 4

Model averaging was utilized to develop a hybriddeidrom the list of potential
models, but the resulting composite model exhibitedr kappa values and could not
consistently differentiate from streams with diféfet rates of metamorphosis. The resulting
Akaike weights, however, were useful in illustrgtwvariables important to metamorphosis, in
particular highlighting the importance of weighgiea stream longitude and drainage area
measurements in the prediction of metamorphosgu(Ei2).

INSERT FIGURE 2

The variance estimate for the random effect ofrrivas close to zero, and models that
excluded river as a random effect had lower AW@lues, leading us to conclude that the
explicit inclusion of stream-level variables waseato account for the observed variability in
metamorphic rates among streams (Table 5). Asudt rése final model does not contain
river as a random effect and should be applicabtreams outside of those used in model
development.

INSERT TABLE 5

Management Oriented Model
The final biological model included variables (agex, time-integrated temperature)
that are impractical to collect given the numbestoéams and lampreys that are sampled by
the control agents each year. We conducted a seuwlgsis, limiting the explanatory
variables to those that could readily be obtainedhbnagement agencies. Since age or sex

was not included in this analysis, the full datagfe212 recaptured lampreys was used.
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Supplementary water chemistry data from the lampogyrol program allowed for the
addition of mark-recapture data from Hollett (1998hich increased the number of streams
in this analysis to 11 and brought the overall sizthe dataset to 315 lampreys (214 larvae,
101 transformers).

INSERT TABLE 6

The results of the model selection procedure erctimbined dataset produced four
similar top models, only differing in their inclusi or omission of condition factor and stream
conductivity (Table 6). While a model consistingefgth, condition factor, and stream
latitude, longitude, drainage area, and lampreggpcton category possessed the highest
kappa value, the parameter estimate for condiiotof was not significant, so a similar
model without condition factor (the model rankeda® based on kappa) was selected as the
top model. This model was able to correctly prethetfate of individual larvae 87.6% of the
time. Model averaging was not employed duringrttamagement model development,
because only four very similar models were in coasition. Again, principal components did
not improve model fit. As was the case with thddgacal model, the random effect of stream
was not significant, showing that the inclusiortle# stream-specific parameters accounted
for inter-stream variability in metamorphic rateafille 7).

INSERT TABLE 7

Comparison with other predictive models of metarhogis
The two models developed in this study were mudtebat predicting which larvae
would enter metamorphosis than the other two exgstiodels (Table 8). A direct comparison
of the management model with the biological moda$ wot performed, as the datasets used
to derive the two models differed in the both tlheniber of variables and their sample size.

Kappa values for the biological model indicated @trperfect agreement (Table 8A) while
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the management model exhibited substantial agreteffiable 8B) (Landis and Koch 1977).
In contrast, the kappa values for the MC and ESTddets ranged only from slight to fair
agreement when applied to either the biologicahanagement model datasets. A stream-
specific analysis of model output indicated that tlanagement model provided equal or
more accurate predictions of metamorphosis relativbe ESTR and MC models, on 8 of 11
streams.

INSERT TABLE 8

Discussion
Our results suggest that including additional alales within predictive models of

metamorphosis can account for much of the varigtolbserved in metamorphic rates of sea
lamprey across the Great Lakes and greatly impoovebility to forecast parasitic sea
lamprey production. The predictive accuracy of kb#biological and management models
was far superior to the length-based and condli@sed models currently in use, for the
streams used to develop our models. We recognatettts is not an ideal comparison
because the data used to fit our models were also to evaluate their accuracy. For this
reason and others outlined below, we strongly renend further efforts to test the accuracy
of the new models relative to existing tools.

The biological model may not be practical for usthin the existing sea lamprey
control program, but it does point to factors thapear to influence the probability of
metamorphosis in sea lamprey populations. Sea Eyrgge was included in all of the top
biological models, indicating that older larvaejépendent of their length and weight, are
more likely to enter metamorphosis. Weight wasudel in all but one of the top models,

with estimated lipid weight replacing total weightthe one exceptional case. This result is
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consistent with the hypothesis that larvae musthr@acertain mass and possess sufficient
energy reserves prior to entering into metamorgh@$olmes & Youson 1994). In contrast,
our non-invasive estimates of larval lipid contenty entered into two of the top biological
models. Previous research has indicated that éipedimulation is important to
metamorphosis in sea lampreys, a phenomenon utoggea lampreys (Holmes al. 1999;
for review, see Youson, 2003),) Our results sugtiedteither our non-invasive methods were
not sufficiently accurate to discriminate importdifterences in actual lipid levels, or that
this indicator is not evident in larvae samplediniyithe growing season prior to
metamorphosis. To discriminate among these exptargtwe recommend further
investigation into non-invasive methods for deterim lipid content of larval sea lampreys
(Cox & Hartman 2005; Crossin & Hinch 2005).

Both the biological and management models inclsderal stream-level variables
that account for variation in the probability of tamorphosis among individual sea lampreys
with similar lengths, weights and ages but fronfedlént streams. These included a stream
temperature variable (biological model only), lati¢ and longitude, larval density in Type 2
habitat, drainage area (management model onlysttadm category (management model
only). Each of these factors represent environmeatzables that could plausibly affect
metamorphosis (temperature, regional edaphic facstream productivity, etc), but in
general the direction of the observed effects wasnsistent either among models (e.g.,
larval density) or witha priori hypotheses. For example we observed a negatagoredhip
between a stream temperature variable and protyatilmetamorphosis in the biological
model, in contrast with previous studies (Holmeeal. 1994; Holmes & Youson 1997) which

concluded that it is the rise in temperature ingpeng that is the important cue, not the
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magnitude of the temperature increase. Becausanalysis is limited to 9 (biological) or 11
(management) streams, and because the mechaniderying these environmental effects
are not clear, it may be inappropriate to extrajgotar models that contain these variables to
other streams without further validation and exglien of mechanisms.

We recommend that both existing and future modesetamorphosis be evaluated
using individual-specific mark-recapture studieshe field before being affirmed as a basis
for making lampricide treatment decisions. Recemgphasis has been placed on evaluating
larval assessment accuracy by conducting mark-tecaptudies during lampricide
treatments to estimate abundance (Hameseh 2003). In these evaluations, sea lamprey
larvae are mass-marked by removing a piece of @scular tissue from the distal end of the
caudal fin; consequently the physiological fatendividuals cannot be followed. Valuable
additional information on metamorphosis could bawted by modifying some of these
mark-recapture studies to include measurementsdofidual lamprey and coded wire tag
implantation at the time of marking, following theethods used for this study. In particular,
selecting streams where the discrepancy in tram&oestimates between different
metamorphic models is the greatest may lead tpid namprovement in our ability to develop
models that more accurately predict metamorphosis.

Finally, the methods currently used by the GLFCattk streams for lampricide
treatment suffer from the fact that the models etamorphosis being used, along with their
underlying assumptions, have not been evaluatadgess how errors in their predictions
might affect the stream ranking process. The uao#yt associated with both existing and
new models should be integrated into a stream ts@hesimulation analysis to compare the

performance of alternative stream ranking protaddle have conducted a preliminary
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analysis of this type which indicated that althoggleam ranking methods based on
predictions of metamorphosis are optimal when tbheals are precise and accurate, other
ranking methods may be more robust to the higheegf uncertainty that actually exists in
these models (Steeves 2002; Treble 2006). Oultsedao suggest that a new metamorphic
model that decreases uncertainty surrounding toamefr forecasts could lead to a substantial

improvement in our ability to control lamprey poatibns in the Great Lakes.
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Table Captions

Table 1.Number of marked and recaptured sea lamprey ldoyatream, including the year

of marking and total numbers.

Table 2. Summary of stream-specific characteristics useatierdevelopment of the biological

and management-based models.

Table 3.Results of Analysis of Variance (ANOVA) for diffarees in (A) length at the time
of marking, (B) weight at the time of marking, beem larval and metamorphosed sea

lamprey from eight different streams.

Table 4.Model selection results for the biological model.

Table 5. Parameter estimates, standard errors, and p-viamresa mixed model analysis for
the biological model of metamorphosis selectedess fwith the highest kappa statistic value

and predictive accuracy), based on mark-recaptate ((N=168) from eight streams.

Table 6. Model selection results for the management-bassdein

Table 7.Parameter estimates, standard errors, and p-viaresa mixed model analysis for
the management model selected as best (with thestigappa statistic value and predictive
accuracy), based on combined mark-recapture datdl(®) from this study and Hollett

(1998).

Table 8. Comparison of model predictions from the two medigdveloped in this study with
the two other common models of sea lamprey metanosip. Table A is based on the data

collected in the mark-recapture study, minus arsmdlere an accurate estimate of age was
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not obtained. Table B is based on a combinatiadhiefmark-recapture data, plus that of
Hollett (1998), but where the variables includedhe model analysis were limited to those

easily collected within the scope of the sea layppnanagement program.
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Table 1.Number of marked and recaptured sea lamprey |ldoyatream, including the year

of marking and total numbers.

Stream Lake Total Number Larvae Trans-  Recapture
Marked  Recaptured formers Rate

Pancake Rivér Superior 144 10 4 6 6.9%
Bowmanville Cr! Ontario 344 50 12 38 14.5%
Little Sandy Cr" Ontario 121 22 11 11 18.2%
Root Rivef Huron 254 11 6 5 4.3%
Crystal Creek Huron 170 15 13 2 9.4%
Silver Creek Huron 182 40 37 3 22.0%
Juniata Creek Huron 168 37 34 3 22.0%
Ceville Creek Michigan 142 27 25 2 19.0%
Totals 1525 212 143 70 13.9%

! denotes streams with larvae marked in 2003 andpterad during lampricide treatments in 2004.
% denotes streams with larvae marked in 2004 andpiered during lampricide treatments in 2005.
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Table 2. Summary of stream-specific characteristics usatierdevelopment of the biological and managemesedanodels.

. o ‘ < . N L e i
#F o & & & &
R S R S M AR il g F &
Lake Basin Superior Huron  Huron Huron Huron Michigan OiotatOntario Huron Ontario Ontario
Stream Characteristics
Drainage Area (ha) 11219 13132 1508 3097 2389 383 15964 4184 1500 12800 10800
Latitude (dd.dd°) 46.96 46.54 46.56 44.35 4341 46.0043.89 43.64 46.15 43.87 43.90
Longitude (dd.dd®) 84.66 8421 84.24 8349 8349 84.3678.66 76.17 83.89 78.82 78.60
Alkalinity " 1530 21.62 22.27 140.10 203.28 197.57202.40 50.55 41.60 230.10 216.30
Conductivity 30 98 40 280 466 250 370 110 95 487 95
pH' 7.13 7.21 7.29 8.27 8.24 7.89 8.32 7.74 7.50 8.38 8.32
Stream-level Lamprey Characteristics
Average Type-1 Density (#M1 2.66 1.36 2.60 2359 0.22 6.63 6.98 6.27 0.28 3.15 2.83
Average Type-2 Density (#M1 0.76 1.24 5.33 1292 0.08 1.67 2.43 5.20 0.02 2.35 0.37
Lamprey Production Categ&ry 1 1 1 1 2 3 1 1 3 1 1
Last TFM Treatment (Year%) 6 6 2 5 7 5 3 3 4 3 3

' Unpublished data, Sea Lamprey Control Centre, 1 Canal Drive, Sault Ste Marie, ON
" Streams added from Hollett (1998) for management model development



Table 3.Results of Analysis of Variance (ANOVA) for diffarees in (A) length at the time
of marking, (B) weight at the time of marking, beem larval and metamorphosed sea
lamprey from eight different streams.

(A) ANOVA Table (Dependent variable = Lenc

Source Effect SS DF MS F Pr>F
Intercept Fixed 1095034 1 1095034  3078.253 <0.0001
Stream Random 4338 7 620 6.475 <0.0001
Larvae/Transformer Fixed 6052 1 6052 63.230 <0.0001
Sex Fixed 92 1 92 0.962 0.3282
Error 15123 158 96

(B) ANOVA Table (Dependent variable = Weight)

Source Effect SS DF MS F Pr>F
Intercept Fixed 551.522 1 551.522 549.791 <0.0001
Strean Randon  11.46: 7 1.63i 4,32¢ 0.000:
Larvae/Transformer Fixed 27.624 1 27.624 72.982 <0.0001
Sex Fixed 0.518 1 0.518 1.368 0.2440
Error 59.804 158 0.379
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Table 4.Model selection results for the biological model.

Percent Percent Percent Kappa
Model Variables df AICc Overalll Larvae  Transformers Ppe
Statistic
Correct Correct Correct
W/A/OT/Lat/Lon/T2 5 68.98 92.86% 96.75% 82.22% .8126
W/A/OT/pH/Lon/T2 5 68.30 92.26% 95.93% 82.22% 7984
W/A/OT/Con/Lon/T2 5 68.72 92.26% 95.93% 82.22% .7984
W/A/OT/pH/Lon/T1 6 68.78 92.26% 95.93% 82.22% 7984
W/A/Con/DA/Lon 5 68.96 92.26% 95.93% 82.22% 0.7984
W/A/MT/DA/Lon 6 68.37 92.26% 96.75% 80.00% 0.7955
W/A/Con/DA/LT 6 69.00 92.26% 96.75% 80.00% 0.7955
W/A/Lat/ T2/ Cat 5 68.42 91.67% 95.12% 82.22% 0.7845
W/A/MT/DA/Lon/T1 7 68.67 91.67% 95.12% 82.22% 85
W/A/DA/Lon/LT 6 68.52 91.67% 95.93% 80.00% 0.7814
W/A/OT/Con/Lon/T2/Sx 5 68.54 91.67% 95.93% .080% 0.7814
W/ A/Apr/May/DA/LT 6 68.76 91.67% 95.93% 80.00% .7814
W/A/Jun/DA/LT 6 68.87 91.67% 95.93% 80.00% 0.7814
W/A/OT/AK/Lon/T1 5 68.92 91.67% 95.93% 80.00% 7814
W/A/SWT/DA/LT 5 68.96 91.67% 95.93% 80.00% 0.7814
W/A/DA/LT 4 67.07 91.67% 96.75% 77.78% 0.7782
W/A/Con/DA/Lon/LT 7 68.60 91.07% 95.12% 80.00% 7674
W/A/OT/Lat/Lon/T2/Sx 6 68.61 91.07% 95.12% .ED%o 0.7674
W/A/ST/Lon/T1 6 68.67 91.07% 95.12% 80.00% 0.7674
W/A/DA/LT/ADG 6 69.04 91.07% 95.12% 80.00% 0.7674
W/A/OT/DA/LT 5 69.05 91.07% 95.12% 80.00% 0.7674
W/A/May/DA/LT 5 69.07 91.07% 95.12% 80.00% 0.7674
W/PLP/A/DA/LT 5 69.04 91.07% 95.93% 77.78% 0.7640
W/A/ST/Lon/T1/Sx 6 68.52 90.48% 94.31% 80.00% 7587
W/A/MT/Lon/T1 6 68.94 90.48% 94.31% 80.00% 0.7537
W/A/OT/Lon/T1 5 68.11 90.48% 95.12% 77.78% 0.7501
W/A/DA/LT/Sx 5 69.05 90.48% 95.12% 77.78% 0.7501
PLW/A/DA/LT 5 69.01 89.29% 94.31% 75.56% 0.7189
W/A/pH/DA/Lon/LT 4 69.03 89.29% 94.31% 75.56% 7189
Where:
W=Weight (g) Cat=Stream Lamprey Production category
A=Age (years) T1=Average larval density in Type-1 habitat
Sx=Sex of lamprey T2=Average larval density in T@p®bitat
PLW=Predicted Lipid Weight (g) ADG=Avererage Dailyd@ith (mm)
PLP=Percent Lipid Percent (of wet body weight)(%)  =Stitable Temperature (between 9 and 25°C)
Lat=Latitude (decimal degrees) OT=0ptimal Temperat{vetween 19 and 23°C)
Lon=Longitude (decimal degrees) MT=Mean Annual Taafpee (°C)
DA=Stream drainage area (ki) Apr= Average stream temperature in April (°C)
Con=Conductivity (S/cm) May= Average stream temperin May (°C)
Alk=Alkalinity(CaCoz;/mg) Jun= Average stream temperature in June (°C)
pH=pH of stream (measure of acidity) SWT=Spring Mag Trend (slope of the line showing
LT=years since last treatment increaséeimperature over time)

80



Table 5.Parameter estimates, standard errors, and p-viahresa mixed model analysis
for the biological model of metamorphosis sele@sdbest (with the highest kappa
statistic value and predictive accuracy), basethark-recapture data (N=168) from eight

streams.

Parameter Standard

Effect Estimate Error p-value

Fixed Effects:

Intercept 39.49 17.67 0.025
Weight 4.76 1.03 <0.001
Age 3.05 0.96 0.002
# Days between 19 and X3 -0.16 0.06 0.008
Stream Latitude 1.27 0.49 0.010
Stream Longitude -1.40 0.30 <0.001
Estimated Mean Larval Density in Type-2 Habitat  -0.39 0.16 0.013

Variance Standard
Random Effects: Estimate Error p-value
Stream <0.0001
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Table 6.Model selection results for the management-basetkmo

Percent

Percent Percent

Model Variables df AlCc Overall Lavae  Transformers <aPP2
Statistic
Correct Correct Correct
L/CF/Lat/Lon/DA/T2/Cat 8 182.44 87.94% o8 77.23% 0.717
L/Lat/Lon/DA/T2/Cat 7 182.66 87.62% 92.52% T3 0.711
L/CF/Lat/Lon/DA/Con/T2/Cat 9 184.12 80% 92.99% 75.25% 0.701
L/Lat/Lon/DA/Con/T2/Cat 8 184.31 86.98% Q&% 76.24% 0.696

Where:

L=Length (mm)

CF=Condition Factor

Lat=Latitude (decimal degrees)
Lon=Longitude (decimal degrees)
DA=Stream drainage area (k)
Con=Conductivity (S/cm)

Cat=Stream Lamprey Production category
T2=Avererage larval density in Type-2 habitat
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Table 7.Parameter estimates, standard errors, and p-viabresa mixed model analysis
for the management model selected as best (withigest kappa statistic value and
predictive accuracy), based on combined mark-recaptata (N=315) from this study

and Hollett (1998).

Parameter Standard

Effect Estimate Error Pvalue
Fixed Effects:
Intercept -62.9748 16.3993 0.0001
Length 0.2125 0.0311 <0.0001
Latitude 3.8683 0.9445 <0.0001
Longitude -1.7307 0.3771 <0.0001
Drainage Area 0.0004 0.0001 0.0001

Estimated Mean Larval Density in Type-2 Habitat 0.6541 0.2078 0.0016

Cateqorical Effects:

Stream Production Category (Category 1) 4.0551 1.6122 0.0119
(Category 2) -6.8757 1.9908 0.0006
(Category 3) 1.0000 0.0000

Variance Standard
Random Effects: Estimate Error

Stream <0.0001

p-value

83



Table 8. Comparison of model predictions from the two medidveloped in this study
with the two other common models of sea lampreyametphosis. Table A is based on
the data collected in the mark-recapture studyusamimals where an accurate estimate
of age was not obtained. Table B is based on a c@tbn of this mark-recapture data,
plus that of Hollett (1998), but where the variabiecluded in the model analysis were
limited to those easily collected within the sca@f¢he sea lamprey management

program.

Correct Correct Correct
Model Larval Transformer  Transformer
Predictions Predictions Predictions (%)

Incorrect  Kappa
Predictions Statistic

(A Full dataset ( 123 larvae/ 45 transformers):

Biological Model 119 37 82.2% 12 0.813
ESTR 119 18 40.0% 31 0.439
Minimum Criteria 122 4 8.9% 42 0.112

(B Expanded dataset (214 larvae / 101 transformers):

Management Model 198 78 77.2% 48 0.711
ESTR 201 57 56.4% 57 0.548
Minimum Criteria 208 16 15.8% 91 0.164
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Figure Captions

Figure 1. Location of the eight study streams selectedhisrstudy within the Great
Lakes basin. * indicates the locations of streadued to the management model dataset

from Hollett (1998).

Figure 2. Relative importance, based on Akaike weights, efimtor variables from the
list of 26 top biological models for the predictiohmetamorphosis. Age, with a weight

of one, was the only predictor variable to be foumdach one of the top models.
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Figure 1. Location of the eight study streams selected figrgtudy within the Great Lakes
basin. Streams identified with an asterisk denotams added to the management model dataset

from Hollett (1998).
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Figure 2. Relative importance, based on Akaike weights, efimtor variables from the list of
26 top biological models for the prediction of mataphosis. Age, with a weight of one, was the

only predictor variable to be found in each onéheftop models.
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Abstract

Understanding sources of variation in fish popata is valuable from both a
management and an ecological perspective. If ssib$@ population differ in demographic
rates such as growth and recruitment, managemadatiges should be tailored reflect these
ecological differences. Great Lakes sea lampregs@ntrolled primarily by treating tributaries
with lampricides that target the larval stage. $treams considered for chemical control have
been divided into four categories based on thegulegity of parasitic lamprey production
inferred from the historic regularity of chemicedatments. This categorization was intended to
direct future assessment efforts, but may alsofedlection of differences in early demographic
rates. We analyzed assessment survey data edllgom 1959 -2005 using mixed-effects
models and variance components analyses to tedifferences in recruitment and growth to
age 1 among stream categories. Recruitment was &g large in regularly treated streams than
in irregularly treated streams, indicating thatryelass strength at age 1 is correlated to
abundance at later life stages. We found no ctamigifferences in length at age 1 among
categories of streams; however, Lake Superiorsisehat are treated irregularly also exhibit
more annual variation in length at age 1 than sisethat are treated regularly. The majority of
variation in length at age 1 was due to within-yeaiation, although this type of variation was
fairly consistent across stream types within ea&le.| Our results indicate that early life history
differs among subsets of the Great Lakes sea langmeulation, and management practices
should be modified to account for these differenddsced-effects models and variance
components analyses are useful tools for analyaigg historical datasets for patterns of
demographic variation within and among fish popatad, whether the ultimate goal is to

provide management advice for pest control, hamwgsbr conservation.
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Introduction

Many fish species show wide variation in demogreparameters among populations
(e.g., Hutchings and Jones 1998; Shuter et al.; \M@8miller and Rose 1992), and nearly all
populations exhibit such variation over time (Rick854, Hilborn and Walters 1992). Both
spatial and temporal variation in demographic patans have implications for management. If
not properly accounted for, this variability camsa high inter-annual variation in yield or catch
rates in the case of desired fisheries, and higlianvariation in control success in pest species
such as sea lampreyBgtromyzon maringsAcross space, stocks with differing demographic
characteristics have differential vulnerabilitysimilar levels of exploitation (Shuter et al 1998;
Hilborn et al. 2005; Purchase et al. 2005), whdeation over time increases the need to devise
management strategies that respond effectivelyeorabust to unplanned variations in
abundance (e.g., Beddington and May 1977; WalteisPearse 1996; Engen et al. 1997).
Additionally, understanding the relationship betwegeowth rates and later abundance and the
identification of spatial and temporal patternsenruitment variation have long been central
goals of fisheries ecology (Ricker 1954; Anders®B8). These implications suggest that studies
which describe and increase mechanistic understgradidemographic variation in fish
populations are valuable from both a managerialeaadogical perspective.

Fish population dynamics are principally determibgdhe net effect of three
demographic processes: recruitment, which fordtssussion we define to include reproduction
and early survival; growth; and mortality. Managetnstrategies for exploited stocks can
depend on which of these demographic processesthaygeatest influence on spatial and
temporal variation in abundance. For example, ke kout populations, spatial variation in

growth and mortality rates are thought to deterntivgedifferential vulnerability of populations
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to exploitation. Shuter et al. (1998) used an aalgf this variation to argue for different
sustainable exploitation rates in lakes of diffgréize. In contrast, the dynamics of many other
fish species are strongly influenced by the irragokccurrence of very large recruitment events.
For example, large recruitment events in Lake adeye Sander vitreusin 1984, 1988, and
2003 have overwhelmingly influenced yields in bottmmercial and recreational fisheries for
this species (Thomas et al. 200%3%. well, understanding spatial variation in reanent

dynamics helps managers to determine the degnehibhh models of recruitment developed for
a subset of populations are suitable for applicatiioother populations (Myers et al. 1997,
Peterman et al. 1998).

Variation in recruitment and other demographicsasealso common among vertebrate
pest species, and accounting for this variationictinence the effectiveness of control efforts
on a variety of pests (e.g., European rabkityctolagus cuniculusTwigg and Williams 1999;
great cormorant$?halacrocorax carbo sinensisrederiksen et al. 2001; caf@yprinus carpio
L., Brown et al. 2005; and brushtail possuiftschosurus velpeculdRamsey 2005).
Demographic variation is particularly important foe control of sea lampreys in the North
American Great Lakes, where empirical researchnaodeling have shown that recruitment
variation can have a large effect on the successmfol tactics that target reproductive success
(Jones et al. 2003). However, as in desired ftghufations, the causes of variation in
recruitment are often poorly understood.

In this paper we examine variability in indicesre€ruitment and growth to age 1 in sea
lampreys in the Laurentian Great Lakes, and testhér these indices are associated with a key
feature of management: the predictability of thechtor chemical treatment of streams to

control the pest population. Sea lampreys are inggsests in the Great Lakes that parasitize
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other fishes during their juvenile stage. Larva Eampreys (known as ammocoetes) are stream-
dwelling filter feeders (Applegate 1950). Sea lamygs in the Great Lakes are controlled
primarily through the periodic treatment of streamith the lampricide 3-triflouromethyl-4-
nitrophenol (TFM), which kills from 95-100% of skanpreys present in the stream at the time
of treatment (Christie et al. 2003). Streams ateneated annually, because ammocoetes remain
in their natal streams for several years beforeimetg parasitic. Ideally, the frequency of
treatment should match the cycle of recolonizatgrowth, and maturation of sea lampreys
following treatment events (hereafter referredddmarasitic lamprey production”) in individual
streams. However, spatial and temporal variahititgemographic processes results in
inconsistency in parasitic lamprey production, betthin and among streams, and hinders the
ability of managers to predict the timing of strergatments that would optimally prevent the
escapement of parasitic sea lampreys. This vétiabas necessitated the use of costly
assessments of larval sea lamprey populationgltthaiselection of streams for treatment (Slade
et al. 2003). The goal of this study was to deteemvhether variation in early life demographic
processes, specifically recruitment and growtlapie to account for this variation in parasitic
lamprey production and thus treatment frequency.

Identification of the demographic processes resptamfor variation in parasitic lamprey
production within and among streams is of consialerpractical interest. Recent studies have
drawn attention to the uncertainty inherent incbeent assessment methods that are used to
select streams for lampricide treatment. In palaic these studies have demonstrated
inaccuracies in estimates of parasitic lamprey dhaooe due to uncertainties in estimates of
ammocoete abundance (Steeves et al. 2003), graveth, land prediction of metamorphosis

(Hansen et al 2003). It is doubtful that increasemssessment resources could fully resolve
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these uncertainties in the assessment and strdactiae process (Hansen et al. 2003; Slade et
al. 2003). A better understanding of the demograpiocesses that influence treatment cycles
could point to more efficient assessment stratethi@sfocus on these processes, and potentially
provide a means to incorporate prior informatiorstleam-specific demographic processes into
the stream selection process.

In this study, we used data from historical survaysducted between 1959 and 2005 to
derive time series of recruitment and growth to Ader a number of sea lamprey producing
streams. Our objective was to determine whetheatian in treatment regularity among
streams was correlated with measurable differemcescruitment or growth. We were
interested in differences in both the mean ancawnae of recruitment and growth among
streams, because either could affect treatmentartyu We hypothesized that streams with
irregular treatment histories would have more \dealemographic rates, and possibly lower
mean rates. We developed mixed-effects statisticalels and used variance components
analysis to facilitate the use of these histortizth sets for examination of this question, despite
the fact that the data were not collected with tiigective in mind. A secondary goal was to
demonstrate the potential of this analysis strateggpportunistic exploration of similar
guestions for other desirable and damaging fiskiepe
Methods
Study Area

Survey data used for these analyses were colléactsdthroughout the Laurentian Great
Lakes basin, excluding Lake Erie (Figure 1). Omg streams from the Lake Erie basin had
more than one year of data that fit the timingeci# required for this analysis (described below).

This paucity of data made the establishment okpadtin variation of population level processes
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among stream categories impossible. For the pagoofkthese analyses, we considered larval
sea lampreys within different streams to be distropulations. Parasitic sea lampreys mix as
one population within the lake environment and dbhome to natal streams (Bergstedt and
Seelye 1995); however, mixing does not occur duttiegammocoete phase, and growth and
timing of metamorphosis are known to differ amotrgams (Hansen et al. 2003).
Stream Categorizations

Most lamprey-producing streams are treated orbg@ar cycle, but streams differ in the
regularity with which large populations of transfaers develop (Heinrich et al. 2003; Lavis et
al. 2003; Morse et al. 2003). Some streams at@yhrggular in their cycles of parasitic lamprey
production and need for treatment, while othery vadely. Previous authors have suggested
that differences in recruitment, growth, and suaVifollowing lampricide treatments contribute
to differences in treatment regularity (Heinrichaet2003; Lavis et al. 2003); however, these
assertions have yet to be formally tested. RebBess@nd sea lamprey managers together have
divided streams considered for chemical contra four categories based on their regularity of
parasitic lamprey production inferred from the tit regularity of chemical treatments and
from the expert opinion of assessment biologiste wbrk on these streams. Category 1 streams
are highly predictable in their parasitic lampregguction cycle and their treatment schedule.
Category 2 streams are somewhat variable in tlaeasitic lamprey production cycle and
treatment schedule, but show some signs of pattetthe length of time between treatments.
Category 3 streams are highly variable in theidpition of sea lampreys and treatment
schedule. Category 4 streams are streams in gR&thampreys have been found in the past, but
do not currently support sea lamprey populatiortsae no longer treated. The location and

category of each stream used in this analysisrasepted in Figure 1.
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154 Historical Survey Data

155 Over 30,000 larval sea lamprey assessment suwergsconducted between 1959 and
156 2005 by the United States Fish and Wildlife Ser¢ld8FWS) and the Department of Fisheries
157 and Oceans, Canada (DFO). We obtained the redudtsheets of these surveys determined by
158 the timing criteria described below, and analyzesirt separately for larval growth and

159 recruitment. Several types of larval assessmewnegs exist which are conducted for different
160 purposes, and all types were initially obtainedhlyGge-1 individuals were used for these

161 analyses, because age-1 ammocoetes are the @rstemg fully recruited to the electrofishing
162 gear used to perform these surveys. To increaskk#lihood of only age-1 and younger larvae
163 being present in an assessment collection, sufedgsving fall lampricide treatments were

164 used, since treatments that occur in the fall aveernonsistent than spring or summer treatments
165 in their elimination of that year’s recruits. Says that took place two years after fall treatments
166 were selected for analysis, when the first yeas<claith the potential to re-establish would be
167 age 1. Atthe time of these surveys, the strednosld have contained a maximum of two year
168 classes (age 0 and age 1). However, some strdamsoatained residual sea lampreys that
169 survived the lampricide treatment. We examinedtleifirequency histograms for each stream
170 and year to determine which individuals were ag@d should be included for further analysis.
171 Distinguishing between age classes using lengtiueecy histograms can be difficult for older
172 cohorts of sea lampreys, but generally the firgt &ge classes are clearly separable (Potter
173 1980). Streams with two or more years of sud@a that fit the timing criteria were included
174 in this analysis. The number of streams (and iddiais or stream years) by category and lake
175 used for each component of this study are sumnthnz&able 1.

176 Mixed Model Analysis
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The effect of stream category on recruitment aieavth was analyzed using mixed
effects models. In both the recruitment and growtidels, for each categorical covariate with
levels, parameters were estimatedridr levels of the covariate, with the overall inegtvalue
representing the first level of each factor.

Recruitment Analysis

Recruitment to age 1 was analyzed using a relatiwasurement of catch per unit effort
(CPUE). To further standardize for effort, onlycaled “index surveys” were used to calculate
CPUE. Index surveys have been conducted at the aaoess points for many years with a
relatively consistent level of sampling effort. tétal of 900 surveys collected from 96 streams in
305 unique stream-years were used for this analyidie CPUE value used for each stream-year
was calculated by summing the total number of ageallampreys caught in all the surveys in a
given stream-year and dividing the total catchhmytotal time spent electrofishing (meter time,
in hours). Some surveys reported effort as “ctilg time”, which is a measure of total time
spent at a site rather than time spent electrofgshiThese measures of collecting time were
converted to meter time using a conversion factdr.$05 units of collecting time for every 1.0
unit of meter time, developed by USFWS-Marquettelaeprey control (M. Fodale, USFWS,
Marquette, MI, unpublished data). Summary stagstif the data used for the recruitment
analysis are shown in Table 2.

The recruitment analysis was conducted as a tejp{stocess due to the large number of
zeros present in the dataset. First, differenogsng stream categories in the probability of
occurrence of an age-1 year class in the secorrdglé@aving a chemical treatment were
analyzed using a binary response variable. Tinemzero CPUE values were examined for

differences in mean CPUE as well as variation idERmMong stream categories.
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Probability of Successful Recruitment

The objective of this analysis was to determinetivar the probability of establishment
of a cohort following the chemical treatment oftiieam differed among stream categories.
Streams with no age-1 sea lampreys collected twesyfellowing a fall treatment were assumed
to have no recruitment, and recruitment was assumbeve occurred in streams with one or
more age-1 sea lampreys collected. We modeledite@nt success using a generalized linear
mixed effects model using the logit link functiddchall 1991; Venables and Dichmont 2004).
The response variable (recruitment [Y]) was binaguyaling 1 if recruitment occurred and O if
recruitment did not occur. The probability of sessful recruitment in streapand yeak is

defined aspjk = Pr(ij =1). To test for differences among stream categameslakes into

which a stream flows in the probability of successécruitment, stream category and lake were
fitted as potential categorical fixed effects. darount for non-independence in recruitment
data, sample year and stream were tested as @btemtegorical random effects. The full

model is represented by:
7jkim = Bo+bj+bk* By + Bom: (1)
where

1 ikim = the logit of successful recruitment for strejaim yeark, categoryt and lakem;
B, = the overall intercept;

bj = the random effect of stregran the intercept & 1,...,95) ancbj ~N(0, J%);

bk = the random effect of yelon the interceptk(= 1,..., 44) andbg ~ N (0, J% )

Bq =the fixed effect of stream categdry = 1,...,4); and
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Bom = the fixed effect of laken(m=1,...,4).

All random effects were assumed to be normallyriisted with a mean of zero and a
variance estimated by the model. It was not posddbfit year and stream as random effects
simultaneously, therefore the significance of eactdom effect was tested separately. After the
model that best explained the probability of susfidgecruitment was selected, the logit of

success for each level of a factor was convertedeagrobability of successful recruitmeig)(

using the equatiop = 1 (Faraway 2006).
1+exp(7)

Analysis of Non-Zero Recruitment

Analysis of mean CPUE

The objective of this analysis was to determirgghificant differences existed in mean
CPUE among stream categories. All CPUE values o were modeled using linear mixed
effects models. Due to non-normality of error teyi@PUE data were transformed using a
guarter-root transformation prior to analysis, tesg in normally distributed residuals. As in the
previous analysis, stream category and lake wetaded as potential categorical fixed effects
and stream and year were included as potentiabrareffects. The full model against which

other models were tested was:
Y jkim=Bo+bj+bk+ By * Bom* £ jkim. 2)
where

Y jkim = the quarter-root transformed CPUE from strgayeark, stream category and laken

(N = 255);
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€ jkim = the unexplained residual errejjkm ~ N(O,JZ) , and the remaining variable

definitions were the same as in model (1).
Analysis of variation in CPUE

The objective of this analysis was to determirstream categories differed significantly
in recruitment variation over time. After selecfithe best model to describe mean CPUE
(model 2), differences in variation of CPUE amoategories were tested by modeling standard
deviation ratios of the within group errors usiragignce covariates (Pinheiro and Bates 2000).
The same fixed and random effects selected inrtalysis of mean CPUE described above were

used in this model. The error structure in thearare components model was represented by:

a ~N©.%3?), 3)

wherez| is the residual error for each sample from streatagoryi (1 = 1,...,4), and5I is the

variance parameter estimate for stream catelgofp achieve identifiably of all parameters,

restrictions must be placed @p. The variance parameter of the first category keld

constant at onedq =1), and the estimates of the other variance paramsgpresent the ratio

between their standard deviations and the stardkaidtion of the first category (Pinheiro and
Bates 2000).

Categories were determined to have significanfferent levels of variation in CPUE if
the model that estimated a separate variance caenpfor each category resulted in a
significantly better fit to the data than the mottelt estimated a constant level of variance for al
stream categories. The relative fit of the two elsedo the data was assessed using a likelihood
ratio test ¢ = 0.05).

Growth Analysis
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We used for this analysis a total of 2405 larvakeasment surveys from 117 streams. A
total of 60,149 age-1 larvae were collected ine¢lmaveys. All types of larval assessment
surveys were used for the growth analysis, regultirmore surveys available for analysis than
in the recruitment analyses. The data includatiegrowth analysis are summarized in Table 2.

Analysis of mean length at age 1

Our aim for this analysis was to determine if ldise@a lampreys differed in mean length
at age 1 among stream categories. We evaluatiedatites in mean length using general linear
mixed effects models. Length data werelwgnsformed to correct for non-normality and
heteroscedasticity of residuals. When reportirsglts, estimates of back-transformed mean
effect sizes were bias corrected (Beauchamp arehQl873). The assessment surveys used for
this analysis were conducted between M&ywid October 31 The Julian day on which a
survey was conducted (day of year, DOY) was induake a continuous fixed effect in all
models to correct for differences in larval lendtke to different collection dates. DOY was
centered around the mean survey DOY (Julian day3216 avoid correlation among estimates
of random slopes and intercepts (Pinheiro and BA166). Stream category and the lake into
which a stream flows were included as potentia¢gatical fixed effects. Initially, all possible
interactions among fixed effects were also includedixed effects. However, the inclusion of
category by lake and DOY by lake interactions cdusedels to not converge. Therefore, these
interactions were not considered as potential fie#elcts in model selection.

Because of the hierarchical nature of the datstederandom effects for the stream,
reach, year, and survey from which individuals waskected were included in the model to
account for the structure of the data and to cofoedhe lack of independence among

individuals. Random slopes (representing the efi€each factor on the relationship between
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286 DOY and length) and random intercepts were estithfmestream, year, and reach, and random

287 intercepts were estimated for survey ID. Themudidel is represented by the equation:

Yijkimno = Bo*bj1tbjk 1t bjki 1+ bjkim * (B1+bj2 +bjk 2 +bjki 2 + B2n)DOY]

288
+ B3nt Bao ™ €ijkimno: (4)
289 where
290 Yijkimno = the log-transformed length of individual sea lamprdy=1,...,60149);
291 ,80 = the overall mean length or intercept;
292 bj = the random effect of streaifp=1,...,117), wherebj 1 is the random effect on the

293 intercept andoj 2 is the random effect on the slopq,l ~N (0,0'12 b},,z ~N(O, 05);

294 b jk = the random effect of ydawithin streanmj (k= 1,...N;), Wherebjkl is the random
295  effect on the intercept angljk o is the random effect on the slope,

296 bjk1~N(0.02), bk 2 ~N(0.02);

297 b jki = the random effect of realctvithin yeark and stream (I = 1,... Njy), wherebjk| 1is
298  the random effect on the intercept amfk| o is the random effect on the slope,

299 bjk|1~N(O,J52), bjki ,2~N(O,Ug);

300 bjkim = the random effect on the intercept of suzyn nested within reach yeark, and
301 streami (m=1,...Ni), bjkim ~ N(O,J%);

302 B4 = the continuous fixed effect of beingngpded on a given day of year for individual

303 centered on the mean day of year;
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Bon = the fixed interaction effect of categorgn = 1,...,4) on the slope of the relationship

between day of year and ldigngth);

Ban = the fixed effect of categonyn=1,...,4);

Bao = the fixed effect of lake(o = 1,...,4); and
gijkimno = the unexplained residual erndjkimno ~ N (O, 0’2).

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

Analysis of variation in length at age 1

Our aim in this analysis was to test for differlvels of variation in mean length at age
1 among stream categories and among lakes. Rmahyranalysis showed that the relationship
between stream category and variance in lengtbeafaliffered among lakes. In order to test
for differences in variation, residual varianceseavestimated for each level of a stratification
variable (Pinheiro and Bates 2000). To deternfitieel within group variance in length at age 1

differed significantly among lakes, variance partare(Q p) were estimated for each lake using

stream and reach as random effects. To deterrfmwiénin group variance in length at age 1
also differed among stream categories within lakagance parameters were then estimated for
each category and lake combination, again includiream and reach as random effects. The

error structure of these models is represented by:
Eijkimno ~ N (O, 0'20%). (5)

wherep=1,...,N; andoq =1. & Is the residual error for each individual sea leayp

ijkimno

from stratgp, p is the stratification variable in which an indiveluwvas collected, either the lake
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or the stream category and lake combination, &Bdis the variance parameter estimate for
variablep. The residual variance for each category and ¢akebination was calculated by

multiplying the variance component estimatD@Q by the residual variance of the model.

We tested the significance of the variance coreptmby testing the models with
separate variance components against models wittanat variance using likelihood ratio tests.
If likelihood ratio tests were significant, indiaag a better model fit when separate variance
components were estimated for different strataysesl 95% confidence intervals on the
variance parameter estimates for each stratumtéordime which strata differed from one
another in their variance estimates. For thesnee models, the same fixed effects selected in
the analysis of mean length at age 1 from mode¢rewsed, random slopes and intercepts were
estimated for stream, and random intercepts wenaa&ed for reach.

The variance component analysis that includeshetrand reach as random effects
determined whether or not lakes, and categorigamfiidkes, differed in their variances. These
variances included both within- and among-year comepts. Both are important to sea lamprey
managers, although the among-year variance is of mterest for this analysis. To determine
the relative contribution of within- and among-yeariance to the overall differences in
variance observed among strata, an additional medgicreated that estimated random slopes
and intercepts for each year in addition to theloam effects estimated for stream and reach.
Variance components were again estimated for eatelyory and lake combination. Because of

the inclusion of year as a random effect, the wa@eacomponents estimated in this model

included within-year variance only. TI?I@ estimated for each stratification factor was

multiplied by the residual variance of the modeéstimate the within year variance for each
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category and lake combination, and compared teshieate of the total residual variance
obtained from the model in which only stream arathewere included as random effects.
Model Selection

The significance of random and fixed terms werduatad using Akaike’s information
criterion (AIC), and effects were considered siguaift if their inclusion resulted in a decrease in
AIC value of 2 (Burnham and Anderson 1998). Diagnostics o$ellbcted models were
examined to ensure no assumptions were violatédm@deling and statistical analyses were
performed using R V.2.1.1 (R Core Development T2a0b).
Generalized Linear Mixed Models

For the analysis of the probability of succességruitment, fixed effects were selected
prior to random effects due to the inability of thedel to converge with all fixed effects and
random effects included. Models with only fixedeets were fitted using iteratively reweighted
least squares, and the significance of individixad effects was evaluated using AIC. After
the fixed effects structure was determined, theiBa@ance of stream and year as random effects
was evaluated. For generalized linear mixed mode(s values must be approximated because
the log-likelihood equation does not have a closed-forpression (Pinheiro and Bates 1995).
To evaluate the significance of random effects, A#llies were approximated using the
adaptive Gaussian quadrature (AGQ) approximatiarth@?o and Bates 1995).
General Linear Mixed Models

Random effects were modeled with all possible figdcts included for all models
other than the probability of successful recruitme®ignificance of individual random effects
were evaluated using AIC values for individual misdesing the restricted maximum likelihood

(REML) method of estimation of model fit (Pinhemad Bates 2000). After determining the
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370 appropriate random effects structure for each maughificance of individual fixed effects were
371 determined by sequentially removing fixed effectsrf the model and comparing AIC values.
372  All tests for fixed effects were performed using thaximum likelihood (ML) method of

373 estimation of model fit (Pinheiro and Bates 2000).

374 Results

375 Recruitment Analysis

376 The majority of streams and stream years includéie recruitment analysis were

377 Category 1 and Lake Superior streams (Table 1 ateT2). Category 1 streams are by

378 definition treated more regularly than other strezategories, and Lake Superior streams have
379 the longest treatment history of the Great Laké¢s.Category 4 streams from Lake Huron or
380 Lake Ontario were included in this analysis (TableThe percentage of failed recruitment was
381 highest in Category 4 and Lake Superior streants)@mest in Category 1 and | Lake Ontario
382 streams, although streams from all categories ak®klother than Category 4 and Lake Ontario
383 exhibited similar percentages of failed recruitm@rble 2). Raw mean recruitment was highest
384 in Category 1 and Lake Ontario streams, and loweSategory 4 and Lake Michigan streams
385 (Table 2). The standard deviation of mean recreiitimvas large relative to the mean

386 recruitment for all stream groupings.

387 Probability of Successful Recruitment

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

389 including category as a fixed effect and year een@om effect (Table 3). Models with both
390 year and stream as random effects could not Ibe fite data due to insufficient sample number.
391 Category 4 streams were half as likely to have esgfal recruitment events as any other type of

392 stream, and categories 1-3 did not differ in tipeabability of a successful recruitment event

105



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

(Table 4, Figure 2). Streams from different lal@snot differ significantly in their probability
of successful recruitment to age 1.
Analysis of Non-Zero Recruitment
Mean CPUE

Mean CPUE varied significantly among lakes andastr categories, and the model best
explaining mean CPUE included no random effectbl@8). Category 1 streams had the
highest level of mean recruitment of any strearegaty, and Lake Ontario streams had the
highest mean recruitment of any lake (Table 6).eWheld constant for lake, the mean
recruitment level in category 1 streams was alrwise that of category 3 streams, and nearly
five-fold that of category 4 streams (Figure 3)hen held constant for category, the mean
recruitment in Lake Ontario streams was more thacetthat of streams in any other lake
(Figure 4). While the best model explained siguaifit differences in mean recruitment, it did
not explain the majority of recruitment variatidviytiple R?= 0.13).

Variation in CPUE

Stream categories did not differ significantlytheir variation in CPUE; the model
allowing for different levels of variation for eaclategory did not have greater support than the
model with constant variance (Likelihood ratio 3,3DF = 3, p = 0.35).

Growth Analysis

Consistent with the breakdown of streams useth®recruitment analysis, the majority
of streams and of individual sea lampreys incluidettie analysis of growth to age 1 were from
Category 1 and Lake Superior streams due their negrdar and longer treatment histories
(Table 1 and Table 2). Raw mean length was highesta lampreys from Category 4 and Lake

Ontario streams, and similar in the remainder tégaries and lakes (Table 2). The standard
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deviation of length at age 1 was highest in Categot ake Huron, and Lake Ontario streams,
lowest in Category 4 streams, and similar in batteGory 1 and 3 and Lake Superior and
Michigan streams (Table 2).
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 5). Randomes@nd intercepts were estimated for stream
and year, and random intercepts were estimatecémh and survey ID. DOY and lake were
included in the model as fixed effects (Table Bhe standard deviation of Igdength) at age 1
explained by each random effect is shown in Table 7

Age-1 ammocoetes from Lake Ontario were on aved@ge larger than those from Lake
Superior (Table 6, Figure 5). Ammocoetes from Isalkkchigan and Huron did not differ
significantly in their mean length at age 1 fronke&uperior sea lampreys (Table 6, Figure 5).
The day that a survey was conducted positivelyperfted mean length at age 1 (Table 6).
Variation in length at age 1

Length at age 1 was better explained by the medbklseparate variance components for
each lake than the model with no variance covari@tielihood ratio = 65.5, df = 3, p<0.001),
and length at age 1 was more variable in sea layaffrem Lakes Superior and Michigan than
from Lakes Huron and Ontario (Figure 6). Likewisedeling separate variance components
for category/lake combinations better explainedatamn in length at age 1 than modeling
variance components for lake only (Likelihood ratid87.8, df = 10, p<0.001), indicating that
variation in length at age 1 differed significardijnong lakes and among categories within lakes.
The relative variability in length at age 1 amot@am categories differed among lakes, and all

but one lake exhibited significant differences amiability of length at age 1 among categories.
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439 In Lake Superior, sea lampreys from category 3katéd higher levels of variability in mean
440 length at age 1 than sea lampreys from other tgbsseams (Figure 7a). The majority of

441 variation in length at age 1 was due to within yemiance, although among-year variance was
442 also highest in category 3 streams (Figure 8a).ake Michigan and Lake Ontario, sea

443 lampreys from category 1 streams were significamibye variable in length at age 1 than

444  individuals from any other stream category (Figufiesand 7c¢). In these two lakes, category 1
445 sea lampreys had the highest levels of both withimdt among-year variance in length at age 1
446  (Figures 8b and 8c). Lake Huron sea lampreys stiowesvidence of differences in overall

447 variation in length at age 1 among stream categ@Fmure 7d), although sea lampreys from
448 category 3 streams did have higher among-yearnagithan any other category of streams in
449 Lake Huron (Figure 8d).

450 Discussion

451 In this analysis, we demonstrated that differemeescruitment to age 1 were correlated
452  with the regularity of parasitic lamprey productionGreat Lakes tributaries. Streams with high
453 recruitment to age 1 tended to have highly regiméatment cycles (Category 1 streams), and
454  streams with a high propensity for failed recruitin® age 1 were no longer treated (Category 4
455 streams). Differences in growth rates were noegaly associated with differences in chemical
456 treatment regularity. Low variability in lengthage 1 was associated with the regularity of
457 chemical treatments in Lake Superior streams, aghaot in other lakes. Overall, successful
458 recruitment to age 1 above a threshold level aggetar be more important than early larval

459 growth in determining the regularity of parasi@riprey production.

460 CPUE of age-1 ammocoetes was almost twice asihiGlategory 1 streams as in

461 Category 3 streams, and nearly three times asasgh Category 4 streams. However, much
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variation in CPUE remained unexplained even bybst model, indicating that even within
stream categories, recruitment varies widely. Thaisation could be due to actual variation in
recruitment; sea lamprey recruitment can vary ughitee orders of magnitude even with a
constant number of spawning females (Jones e0@B)2 The high levels of unexplained
variation could also be due to the imprecision BIJE as an index of recruitment. Despite its
imprecision, CPUE has been widely used as an inflewpulation size in fisheries and is useful
for comparative purposes (Hilborn and Walters 1982y 1993). The variability in CPUE of
age-1 sea lampreys did not differ among streangoates, contrary to our original hypothesis
that regularly treated streams would have moreistarg recruitment to age 1. These results
indicate that a threshold size of age-1 ammocoatgsbe necessary for a year class to persist in
sufficient numbers to warrant treatment as the dadqagproaches metamorphosis. Above this
threshold level of recruitment, even high levelyafiation do not appear to affect subsequent
treatment regularities. However, below this thodd, normal variations in cohort survival and
growth may result in an inconsistent need for cloaitreatment.

The correlation between age-1 year class streagdfuture treatment regularity
suggests, albeit indirectly, that variations in $iee of an age-1 year class persist in subsequent
years, a pattern that has been demonstrated infathgopulations (e.g., Campana 1996; Helle
et al. 2000; Smith et al. 2005). Other researchave emphasized the utility of sampling
juvenile fishes in an attempt to index year-classngth of a cohort before they reach the age of
management interest due to the importance of thrallatage in the determination of year-class
strength (Rijnsdorp et al. 1985; Uphoff 1989; Samsand Bettoli 1998). The correlation

between our index of age-1 recruitment and treatmegularity also indicates that density-
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dependent processes affecting survival later irathenocoete life stage are less important than
early-life demographic rates.

Sea lampreys from different stream categoriesdiddiffer in their mean length at age 1,
indicating that early differences in growth do notrespond to differences in parasitic lamprey
production. Growth is thought to be related tosatal in many larval fish species, with higher
growth in the larval phase linked to higher surViesad thus abundance at later stages (Anderson
1988). Fish generally experience extremely highitatity due to predation during their larval
phase, and high growth rates early in life cantiy@acrease survival and thus future abundance
by reducing the risk of predation (e.g.,Campana&i8@rgenius et al. 2002; Jenkins and King
2006). Sea lamprey mortality is thought to be higthe egg phase and immediately following
hatching, as ammocoetes disperse from nest sigstable larval habitats (Potter 1980).
However, available evidence suggests that ammosoéder than age 0 experience relatively
low and uniform mortality throughout the remaindéthe larval stage due to their propensity to
burrow in sediments, thus avoiding predators (PAd®&0). Therefore, high growth rates may be
less important in determining survival for larvabdampreys than for other larval fish species.

Age-1 ammocoetes from Lake Ontario were signifigaarger at age 1 than those from
the upper lakes (Superior, Michigan, and Huronweér lakes sea lampreys are known to
achieve larger sizes more quickly than upper |aeaslampreys (Potter 1980; Hansen et al.
2003; Slade et al. 2003). We used mean lengtheallas a surrogate for early larval growth,
under the assumption that larger individuals masehgrown faster in order to achieve that
larger size. This assumption may not be correclamvae could emerge from nests at larger
sizes or experience longer growing seasons inindstges of streams or in certain lake basins,

allowing them to achieve larger sizes despite exjait or even slower growth rates. Within-
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507 vyear growth of age-1 larvae was measured in odysisdhrough the relationship between the
508 Julian day of sampling and the mean length of @inegle collected; however, this measure of
509 growth was fairly crude, as collections from di#fat streams and years were combined, and the
510 range of dates sampled within a given stream aadwere often too small to reliably predict
511 growth rates. We found no significant interactimiween stream category and Julian day of
512 sampling, indicating that, at least with this crudeasure of growth, within-year growth did not
513 differ among stream categories. Within-year grodithdiffer among streams and years, as
514 indicated by the random effects of stream and gaahe relationship between day of sampling
515 and length (random slope), as would be expectedrasult of different growing conditions.
516 The relationship between variability in lengthage 1 and stream category differed

517 among lakes. In Lake Superior, sea lampreys framegory 3 streams exhibited the highest
518 level of overall variability in length at age 1, lehin the other lakes either no relationship

519 existed between category and variability in lerggtihge 1 (Lake Huron), or sea lampreys from
520 Category 1 streams were the most variable in leagtye 1 (Lakes Michigan and Ontario). In
521 all lakes and categories, the majority of variatiotength at age 1 was a result of within-year
522 variation. Larvae of the same age in the samaursti@ the same time showed considerable
523 variation in length, indicating the need for lasganple sizes when conducting assessment
524  surveys if a precise estimate of the size-struadfitee stream population is desired. Despite
525 accounting for the majority of residual variatidine level of within-year variation was fairly
526 consistent among stream categories for a given &gk the differences among categories in
527 variation in length were due mainly to among-ya#fetences. However, as with patterns in
528 overall variation, only in Lake Superior were trend among year growth consistent with our

529 hypothesis that ammocoetes from irregularly treateshms would also experience more
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variable growth among years. In the other lakiseeammocoetes from regularly treated
streams exhibited the highest level of among-yaaation in length at age 1, or no pattern in
among-year variation existed.

The observed differences in variation in lendgtage 1 among lakes indicate that
differences in early larval growth are not consifitecorrelated with differences in treatment
regularity. However, in Lake Superior, streamdhwiite highest levels of among-year variation
in growth are the streams with irregular treatntestories. Lake Superior streams have been
treated for the longest time period of any lakeifideh et al. 2003), and as a result more streams
included in this analysis are from Lake Superi@antlany other lake. It is possible that as
additional data become available from other lakdswing more treatment cycles, similar
patterns in growth may become apparent. Altereatj\differences in growth to age 1 may truly
be more important in determining survival or agenatamorphosis in Lake Superior than in any
other lake. Studies examining spatial variatiohfenhistory parameters of other species have
demonstrated correlations between demographic oatash-populations on a regional scale,
indicating that ecological processes may operdterdntly among regions (e.g., Peterman et al.
1998; Pyper et al. 2001), and these regional d@iffees can have important management
implications (Hilborn et al. 2005; Purchase e8l05).

The methods presented in this analysis would b&uls other systems where data have
a hierarchical structure that must be accounteddorg random effects, whether the ultimate
goal is to provide management advice for pest ogrttarvesting, or conservation. Mixed-
effects model analyses do not require assumptibogtdalanced data (Pinheiro and Bates
2000). Using mixed-effects models allowed us teepbe patterns among stream categories and

lakes using historical survey data despite theratesef data from some lake and category
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combinations (Table 1). Furthermore, the use isethmodels allowed us to parse out sources
of variation in demographic rates that would béiclift to discern in the absence of such an
approach. The standard deviation of CPUE of ageallampreys differed among categories and
lakes, but the variance components analysis redeaesignificant differences in variation of
CPUE among categories or lakes. Similarly, thedded deviation of mean length was highest
in Lakes Huron and Ontario, but the variance coneptsranalysis showed that when
confounding factors such as day of sampling arehstrwere accounted for, length at age 1
varied least in these lakes. Determining spatidltamporal trends within populations such as
those identified here can help better achieve mamagt goals (Peterman et al. 1998; Pyper et
al. 2001; Mueter et al. 2007) as well as increasdogical understanding.

Our results have practical implications for tha Eanprey assessment program. Because
year class strength appears to be determinedveiagarly in the larval life cycle, assessment
could be conducted several years before a stregmtmeed to be treated, and the relative
abundance of young larvae could serve as an irdticathe future transformer abundance on
which managers could base treatment decisions.tidddlily, the strong pattern observed of
higher CPUE in regularly treated streams couldvafiar the identification of this threshold
CPUE value to be used for management purposesichf a threshold could be identified,
streams could be surveyed one or two years follgun@atment to quantify recruitment to age 1,
and if the threshold catch rate was observed, neasagould schedule the stream for treatment
some number of years later. Furthermore, our resudlicate that because of their consistently
high levels of recruitment, Category 1 streams @dikkly be selected for treatment with little to
no assessment. Category 1 streams are compossat@feaches, on average, than streams of

other categories, and the number of person-daysreehjto survey a stream is directly related to
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576 its number of reaches. Reducing or eliminating sssent requirements on these types of

577 streams could therefore reduce assessment costastigally, allowing these resources to be
578 used in other areas of sea lamprey managemens. h@kiin fact been the strategy recently

579 adopted by the sea lamprey program with the inttbdn of so-called “expert judgment”

580 streams, for which stream treatment decisions baea made in the absence of assessment data.
581 Our analysis supports the continuation and expar@iohis strategy to all Category 1 streams,
582 and the increased use of historical larval assasisdata in directing present day stream

583 treatment decisions. Finally, the identificatmidemographic differences among stream types
584 and among lakes provides a valuable first step tdsvigentifying stream level characteristics
585 that may influence which streams are regular predyy@and further research should be focused
586 on this area.
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725

Tables

726 Table 1. The sample size used for the growth (G) andcuignent (R) analyses of age-1 sea

727 |ampreys for each stream category and lake. Fogtbwth analysis, sample size is

728 represented by the number of streams and the nushbetividual sea lampreys (in

729 parentheses). For the recruitment analysis, sasigids represented by the number of

730 streams and the number of stream-years (in parseghe

Sample Size
Category 1 Category 2 Category 3 Category 4
Lake G R G R G R G R
Superior 25 18 6 3 14 13 6 7
(27,552) (74) (1,363) (13) (4,227) (44) (2,007) (21)
Michigan 18 16 5 4 9 8 2 3
(12,743) (54) (1,241) (10) (495) (17) (219) ()
Huron 11 9 7 5 5 6 0 0
(4,844) (26) (2,151) (16) (1,388) (13) 0) 0)
Ontario 3 1 3 2 2 1 0 0
(1,171)  (4) (403)  (4) (345) (2 @ ()

731
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732

733
734
735
736
737
738
739
740
741

Table 2. Summary of data used for recruitment and graamidlyses of age-1 sea lampreys,

separated by both stream category and lake. Timbawuof stream years ¥, percent of

observations with zero recruitment, and CPUE meahstandard deviation are shown for

recruitment data (mean and SD of CPUE were cakedliom non-zero values only). The

number of streams falling in each category)(Number of individual larvae collected from

each category (N and length mean and standard deviation are songrowth data.

Recruitment analysis

Growth analysis

CPUE
(catch/hr) Length (mm)
Group Nsy % zero Mean SD Ns N Mean SD
Category 1 158 10.1 50.7 61.7 57 46310 445 12.1
Category 2 43 16.3 35.1 38.6 21 5158 445 139
Category 3 76 14.5 30.0 40.8 30 6455 42.8 121
Category 4 28 57.1 10.5 9.7 8 2226 51.0 10.0
Lake Superior 152 18.4 41.1 60.0 51 35149 445 511.
Lake Michigan 88 14.8 34.0 30.8 34 14698 43.6 11.2
Lake Huron 55 16.4 43.5 51.6 23 8383 454  15.7
Lake Ontario 10 0.0 89.8 87.9 8 1919 50.0 15.0
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742
743
744
745
746
747
748

749

Table 2 Model selection for the binary model of the @bitity of recruitment

success of age-1 sea lampreys. Fixed effects elesen prior to random effects.

Candidate models are shown with the estimated nuofiErameters (K), the

Akaike’s information criterion (AIC) values, andetldifference between the AIC

value of a given model and that of the most parsiows model AAIC). AIC

values for models including random effects wererapmated using the adaptive

Gaussian quadrature approximation.

750
Model Fixed effects Random effects K  AIC AlC”
751
1 Category Year 5 248.0

7
2 Category None 4 250.9 ?%
7%3
3 Category + Lake None 7 253.4 4
754
4 Category Stream 5 254.9 g.Q
5
5 (Intercept) None 1 274.1 %%1
6 Lake None 4 276.0 Ig%

757
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759

760

761

762

763

Table 4. Fixed effects estimates for the most parsimonionariy model of
recruitment success of age-1 sea lampreys. Fonthdel, the intercept
represents category 1 streams. The expected plibpabsuccessful
recruitment for each category is also shown. Aloan year effect was also

included in this model, and the error DF=301.

Parameter Estimate SE  z-value p-value p(success)
Intercept (Category 1) 2.36 0.37 6.39 <.001 0.91
Category 2 -0.50 0.54 -0.94 0.35 0.87
Category 3 -0.62 0.46 -1.34 0.18 0.85
Category 4 -2.60 0.52 -4.97 <.001 0.44
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764 Table £. Model selection for the models of mean recruitment (CPUE”"1/4) and growgfigihagh]) of age-1 sea lampreys. The number
765 of estimated parameters (K), AIC value, and the difference between theahi€of a model and that of the most parsimonious model
766 (AAIC) are shown for each model. AIC values were estimated using the RENMbdnaft model fit for random effect selection, and the
767 ML method of model fit for fixed effect selection (see text for further exgilan). In each model, random effects were selected first with

768 3l possible fixed effects included.

Model Random effects Fixed effects K AIC A AIC

Recruitment model: random effects

R1 None Category+Lake 9 499.3 0.0

R2 Stream+Year Category+Lake 11 508.4 9.1
R3 Stream Category+Lake 10 511.2 119
R4 Year Category+Lake 10 516.6 17.3

Recruitment model: fixed effects

R5 None Category+Lake 8 497.7 0.0
R6 None Category 5 500.5 2.8
R7 None Lake 5 518.7 21.0

R8 None (Intercept) 1 520.7 23.0
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Gl

G2

G3

G4

G5

G6

G7

G8

G9

G10

G1l1

G12

G13

G14

Growth model: random effects

Stream(1+S}+Year(1+S)+Reach(l)+1D() DOY+Category+Lake+Category*DOY 17  -79316.0 0.0
Stream(I+S)+Year(l1+S)+Reach(S+1)+ID(l) DOY+Catggdrake+Category*DOY 18  -79313.0 3.0
Stream(I+S)+Year(l1+S)+Reach(1+S) DOY+Category+L&kategory*DOY 17 -72875.3 6440.7
Stream(I+S)+Year(l1+S)+Reach(l) DOY+Category+LakeeGary*DOY 16  -72592.2 6723.7
Stream(I+S)+Year(I+S) DOY+Category+Lake+Category*DOY15 -68616.5 10699.5
Stream(I+S)+Year(l) DOY+Category+Lake+Category*DOY  1463624.3 15691.7
Stream(l)+Stream(S) DOY+Category+Lake+Category*DOY  1347047.5 32268.5
Stream(l) DOY+Category+Lake+Category*DOY 12  -39910.6 39405.4
None DOY+Category+Lake+Category*DOY 11 -7883.1 71432.9
Growth model: fixed effects
Stream(I+S)+Year(l1+S)+Reach(1)+1D(l) DOY+Lake 11 -79412.6 0.0
Stream(I+S)+Year(l1+S)+Reach(l)+I1D(1) DOY+Categdrgike 14  -79408.1 4.5
Stream(I+S)+Year(l1+S)+Reach(l)+I1D(1) DOY 8 -79403.7 8.9
Stream(I+S)+Year(l1+S)+Reach(l)+1D(l) DOY+Categdrgke+Category*DOY 17  -79403.4 9.3

Stream(I+S)+Year(l1+S)+Reach(l)+1D(l)

DOY+Category 11 -79401.1 11.5
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G15 Stream(I+S)+Year(l1+S)+Reach(l)+I1D(1) DOY+Categdbategory*DOY 14  -79396.2 16.4

769 % the growth model, random effects were estimated for the slope(S) and tbeyit{teof each level except survey ID
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770 Table €. Fixed effects estimates for each parameter incliéae most

771 parsimonious models of mean recruitment to agedina@an length at age-1

772 of larval sea lampreys. In the recruitment mothed,intercept accounts for

773 the effects of both category 1 and Lake Superiod,ia the growth model,

774 the intercept accounts for the effect of Lake SigpeRandom intercepts for

775 stream, year, reach, and survey, and random sfopsteam and year were

776 also included in the growth model.

Parameter Estimate SE DF  t-value p-value
Recruitment model (CPUE"1/4)

Intercept 241 0.07 248 35.07 <0.001
Category 2 -0.28 0.12 248 -2.35 0.02
Category 3 -0.38 0.10 248 -3.99 <0.001
Category 4 -0.73 0.19 248 -3.83 <0.001

Lake Michigan -0.03 0.09 248 -0.28 0.78
Lake Huron 0.05 0.11 248 0.44 0.66
Lake Ontario 0.60 0.21 248 2.84 0.01

Growth model (logJlength])

Intercept 3.74 0.02 57743 163.06 <0.001
DOY-216.3 3.91E-03 4.00E-04 57743 22.71 <0.001

Lake Michigan 4.37E-03 0.04 112 0.12 0.91
Lake Huron 0.04 0.04 112 0.98 0.33
Lake Ontario 0.26 0.07 112 3.85 <0.001

777
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787
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789
790
791
792
793

794
795

Table 7. Random effects and their standard deviation

(with 95% confidence intervals) that were included

the final model of loglength) at age-1 of larval sea

lampreys. Fixed effects of day of year and lakeawe

also included in this model.

Random effects 95% CI
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
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Figure Captions
Figure 1. Locations and categories of all streases! for analyses of recruitment and growth to

age 1.

Figure 2. Probability of successful (non-zeroyu@gment of age-1 sea lampreys and 95%

confidence intervals for each stream category edigted by the binomial model of recruitment.

Figure 3. Mean CPUE of age-1 sea lampreys and@s%tdence intervals for each stream
category as predicted by the linear model of réxreint when holding lake constant (values

shown are for Lake Superior streams).

Figure 4. Mean CPUE of age-1 sea lampreys andd@s%dence intervals for each lake as
predicted by the linear model of recruitment whetdimg category constant (values shown are

for category 1 streams).

Figure 5. Mean length at age-1 of sea lampreys{borrected) and 95% confidence intervals

for each lake as predicted by the general lineaetheffects model of growth.

Figure 6. Variance compone) estimates of laglength at age 1) of larval sea lampreys and
95% confidence intervals for each lake, with davanfall categories combined. In order to fit
the model, the variance component for Lake Supe&ras held constant at 1, and others

estimated relative to it (see text).
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825

826

827

Figure 7. Variance componem) estimates of loglength at age 1) of larval sea lampreys and
95% confidence intervals for each stream categoay Lake Superiorb) Lake Michiganc)
Lake Ontario, and) Lake Huron. In order to fit the model, the vadarcomponent of category

3 for Lake Superior was held constant at 1, andrsthstimated relative to it (see text).

Figure 8. Residual variance attributable to with@ar variance (light grey bars) and among-year

variance (black bars) in lgdength at age 1) of larval sea lampreys for eacam category in

a) Lake Superiorb) Lake Michiganc) Lake Ontario, and) Lake Huron
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APPENDIX 5:

An operating model for the integrated pest managemwieGreat Lakes sea lampreys
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Abstract

Models of entire managed systems, known as opgratodels or management strategy
evaluation (MSE) models, have been developed ientegears to account for uncertainty in all
steps of fishery management. Here we describéllasttate the use of an operating model of
sea lamprey management in the Great Lakes. Caftegla lampreys is mainly achieved

through the application of chemical lampricided tiaaget stream-dwelling, non-parasitic larvae
before they become parasites. The operating nuelribed here simulates uncertainty in

larval population dynamics, the accuracy of assesssrused to direct chemical treatments to the
appropriate streams, and the effectiveness of damontrol strategies. We illustrate the utility
of this operating model by comparing the perforneanicstream selection strategies that either
rely on assessments to direct chemical treatmentdiminate the assessment process altogether.
Our results indicate that similar numbers of pdi@asea lampreys are observed when resources
allocated to treatment are increased by eliminaasgessment and when assessment uncertainty
is decreased to the minimal levels observed i B&lidies. These model results serve to
illustrate the trade-off that exists between resesirallocated to assessment and those allocated
to control, and also demonstrate the importan@cobunting for different types of uncertainty
(i.e., assessment uncertainty) in an operating m@de outline a number of other potential uses

of this operating model for sea lamprey pest mamagye.
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APPENDIX 6:

Biased sex ratios greatly enhance the efficacewiratio distorting genetic techniques to control

invasive species

Michael L. Jones Ronald E.Thresh&rNicholas J. Bax

! Quantitative Fisheries Center, Department of Fiskeand Wildlife, Michigan State
University, East Lansing, MI, USA
? Invasive Animal Cooperative Research Centre andROVarine and Atmospheric Research,

Hobart, Tasmania, Australia

One sentence summarylintrinsic sex ratio biases can greatly increagedfficacy of sex-ratio
distorting recombinant strategies for control ofdsive species, suggesting a potentially

powerful tool for permanent control of sea lampreythe Great Lakes.

Abstract

Invasive species are one of the major threatstgervation of global biodiversity and
motivate the search for effective pest control teghes. We demonstrate that a genetic
construct that distorts a population’s sex ratio spread and strongly suppress a target pest
population if the population naturally exhibits saxios that differ from 50:50. One such species

is the sea lampreyétromyzon maringsan iconic and extremely damaging invasive peshe
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North American Great Lakes which has female-biasedratios at low population sizes. Using
a realistically parameterised model of the lamgrepulation, we show that a long-term and
sustained reduction in pest numbers can result &dmef period of stocking “daughterless”
carriers.

Body

Invasive species are a major threat to the consernvaf biodiversity 1), have been
conservatively estimated to cause hundreds obhdliof dollars of damage globall®)( and
once established are often uncontrollable at angtbther than small scales. The need for more
effective methods to mitigate the damage causaduasive species has prompted research into
recombinant technology as a means of reducingviesiity and fecundity 8,4). One such
tactic is the introduction of a construct that esugenetic females to develop as functional males
— the so-called “daughterless” strate§). (Models indicate that such a strategy can be a
powerful means of reducing pest populatio®i3 @ but the attractiveness of this and most other
genetic approaches to pest control is constraiggtidofrequent requirement to stock large
numbers of carriers with multiple copies of the stouct for long periods7(8), raising questions
about logistical feasibility.

A critical assumption of models used to predicteffecacy of sex-ratio distorting
recombinant tactics is that the sex ratio of th& pepulation in the absence of the recombinant
strategy is 50:50. Violation of this assumptiondamentally alters the efficacy of a pest control
program based on a sex-ratio distorting constr@ansider a pest population into which a
number of genetically modified (GM) individuals lealeen introduced in a single generation,
each of which is heterozygous at a single locusfoonstruct that causes all animals which

inherit the construct to develop into functionallesa Heterozygosity is not a critical
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assumption, but facilitates a simpler presentaioime theory because a construct that is only

carried by phenotypic males will remain heterozygwuthe population in future generations.
Assume that the construct does not affect theditref GM adult males. Definp/ as the

proportion of male gametes carrying this constimigfeneratiort. For heterozygous GM males,
and assuming the construct does not affect fitthesexpected proportion of male gametes with

the construct will be one-half of the proportionaafult males with the construct:

1_ A
f= 050 - 1
P A+ A (1)

whereA is the number of mature males, the superscrignbtes males carrying the construct,

and the superscript 0 denotes the wild genotype)(VBBEcause all individuals carrying the
construct are functional males, all gametes fromales do not have the construct, and tptis

also equals the proportion of offspring carrying ttonstruct, again assuming equal fithess of

GM and WT genotypes. The number of GM and WT mialeke nexti+1) generation is

A1+1 = G l:ptl (2)

AO+1 = G [pto m
whereG is a reproduction function that applies to alkpfing,p° is the proportion of offspring
without the construct (= pY), andq is the proportion of WT offspring that are malégnally, to

determine the fate of the introduced construct ttuibs equations (2) into (1) to get a difference

equation forp,, as a function ofp/

1 1
p.l= 050 = P, =053 P

- 050 3)
G|pt + plq pl + (1- pd)g

The fate of the construct over time (the ratiopf, to p;) depends orp; and g. When q=0.5

(i.e., equal WT sex ratiosyy,,/ p; < 1 for all non-zero values gf;, implying that, as expected,
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the construct disappears from the population iratheence of further introductions (Fig. 1).
However, when g < 0.5 (WT sex ratio is female-bidsdl non-zero values of move towards

a non-zero equilibrium value. This equilibrium valis

Peq :%_qq forq<0.5 4)

In wild populations where the natural sex ratibissed towards females a daughterless construct
not only persists, but is predicted to increaskdquency to a level determined by the magnitude
of the bias toward females, even in the absencepafated additions of GM males. The same
would be true for a son-less construct in maledtgsopulations.

This effect could be used to permanently reducentipacts of the sea lamprey
(Petromyzon maringsn the North American Great Lakes. After invaglihe upper Great
Lakes in the 1930s, the sea lamprey destroyed cocmthésheries worth millions of dollars and
fundamentally altered the lake ecosystef)s Currently, sea lamprey populations are coreobll
by a joint U.S. and Canadian program based pritigipa biocidal treatment of spawning and
nursery tributaries, at an annual cost exceedidgrillion. Sea lampreys show evidence of
density-dependent sex ratios, shifting from a nb#es at high, pre-management abundances to a
female biased population at current, managed lamainces10; for evidence of
environmental sex determination in other lamprescsgs, seé1). The effects of this female-
bias on the performance of a daughterless cortatlegy were assessed by comparing a
realistically modelled Great Lakes sea lamprey jetmn experiencing ongoing chemical
control L2) for an assumed 50:50 sex ratio with the curreibiyerved ratio (35% male) (Figure
2). Under the equal sex ratio scenario, a 5% stgalate of age 1 larval sea lampreys
heterozygous for the construct at a single locustaiaed for 10 years reduced adult female sea

lamprey numbers by 20-25% within 50 years afteclstay (Figure 2). In contrast, when the
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pre-treatment WT sex ratio was female biased, duét emale sea lamprey abundance was
reduced by 44% by year 50, and 97% by year 200s rEduction occurs despite no further
additions of GM males after year 10. Higher stogkiates, stocking for longer periods or
release of carriers with higher copy number sigaliifitly increases the rate of population decline.
Moreover, much lower stocking rates can be equedfisctive if age 1 GM sea lampreys are
stocked into unoccupied habitats (i.e., above betio wild spawning sea lampreys) where their
numbers will not be reduced by biocidal treatmemisr to entering the lake.

We conclude that the demography of sea lampretfsitGreat Lakes renders them
vulnerable to cost-effective and logistically fédsicontrol using a daughterless genetic strategy.
It may be possible to contemplate for the firsteismpermanent solution to the sea lamprey
problem. Nevertheless, we also note that thisiespesusceptibility to a daughterless strategy
could increase the risk to native sea lamprey m@ijris in the North Atlantic. To the extent that
these populations also have naturally biased d@®srahey would be vulnerable to immigration
of carriers from the Great Lakes. Available datggests the biased sex ratio of Great Lakes sea
lamprey populations reflects population densitiggosessed by current control actions; in Lake
Champlain, where sea lamprey control has only ticeren implemented the observed ratio in
2002/3 was 53% females (U.S.F.W.S., unpublishea)dBalanced or male biased sex ratios in
uncontrolled populations would limit the risk fraescaped carriers. Nonetheless, a
precautionary approach suggests stringent testpfaries-specificity of the selected construct,
close monitoring of the targeted population, nearatyve sea lamprey populations and other
lamprey species in the Great Lakes drainage, suiitetafforts to prevent escapement of
lampreys out of the Great Lakes, which could ineladoublic awareness campaign about the

risks of deliberately or accidentally transferrgsgn lamprey larvae (in bait buckets, for
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example), and ultimately the incorporation of agjen“off switch” in the construct activated by
release of a second set of carriers, should papnolegscue be required. Such an off switch
could be based on, for example, Cre/lox recomiona(i3).

Sex ratios that naturally differ from equality ar@ unique to sea lampreybs4(15, and
can be mediated by social factors, environmentabfa, and population density4,16,17.
Further, skewed and environmentally influencedrs¢ios have been observed in other taxa that
include important pest speciel3(21). Skewed sex ratios can dramatically increase tieaefy
of a pest control program based on a gender matipglconstruct for these species, to the
extent that it may make possible long-term and tsuitigl reductions in pests where control is
now difficult or too costly. However, the increalsrisk of run-away selection for a gender
distorting construct dictates that knowledge alibatdeterminants of sex ratios and
circumstances under which skewed ratios might Ipeebed will be essential ingredients of risk
assessments for these strategies.
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Figure legends

Figure 1. Rates of change in the frequency of araea distorting gene from one generation as a
function of the current (non-zero) frequency, faldvgenotype sex ratios of 35% males
(dashed line), 50% males (solid line) and 65% m@le#ted line). When the rate of change is
equal to one (horizontal line) the gene frequesaytiequilibrium (e.g., solid circle for the 35%
males case). The equilibrium value is positivedibsex ratios with less than 50% males.

Figure 2. Changes in the adult female populatiahtae frequency of the sex-ratio distorting
gene for a simulated sea lamprey population. Bheslcorrespond to the observed wild sex
ratio of 35% males, red lines correspond to an lggragortion of males and females in the
wild population. Individuals carrying the sex-ratistorting gene were introduced for years 1-
10 only at an effective stocking rate of 5% of #ikl population. Model results represent a
scenario in which chemical control is already bapglied to the sea lamprey populatiag)(
such that the overall population is at a low initlansity and experiencing only weak

compensation (density-dependent survival).
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Supporting online material

Materials and Methods: Sea lamprey population model

The model simulated a stage/age structured popualafisea lampreys in an individual
Great Lake, with larvae ages 0-6, transformersefrdg metamorphosed juveniles), parasites,
and adults. Within each stage/age there were mal@$emales. The males were also
subdivided by the number of copies of the constfiuet, the number of loci where the
daughterless effect is expressed) they had. Wevadldor up to eight copies of the construct to
be present in a genetically modified male, althotigthsimulation results presented here are for a
single copy. We assumed that any sea lampreyioargeat least one copy of the construct
would be a phenotypic male; therefore by definidirfemales had a copy number of zero and
all offspring with a copy number > 0 were classedrales. To simulate the effect of strategic
distribution (stocking) of genetically modified (GNarvae to enhance their survival, we also
needed to separately track newly introduced GMviddals.

The number of sea lamprey larvae of sex k, copybairg, age a, in year t was given by:

Nifan = N 0y L- pm,) (- my) "

Giifan = Gl (8 HL- pm,) (1 -my)
where N,Grefer to wild and stocked larvae, respectively,

k=0 (males), 1 (females),

S\, S are the annual (natural) survival rates of wild atocked larvae respectively, both set

at 0.395 for these simulations,
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pmy is the age-specific proportion of larvae that enmtetamorphosis, set at 0.2, 0.5, 0.75 and

1.0 for ages 2-5 respectively, and

m, M are the proportions of non-metamorphosing wild stocked larvae that are killed

due to chemical control.

The number of transformers, parasites, and adfige»ok, copy number g, in year t were

calculated from:

6
Ttlfrig = Z Ntlfég Eprna E(l_ mct)
a=2

(2)
6
G-l-tlfrig = ZGtk,ég Cpm, (1 - M)
a=2
Py = (T +GT ") 5 3)
A =R [1-m) (4)

where T, GTrefer to wild and stocked transformers respectively
P, Arefer to parasites and adults respectively,
M, Mgt are the proportions of metamorphosing wild andlstd larvae that are killed due
to chemical control
st is the survival from transformer to parasite, $€l.a@5,
S is the survival from parasite to adult, set ab0ahd
m is the effective reduction in adults due to repithe controls (set at zero for these
simulations).
We modeled reproduction using a Ricker stock-réeraint function with log-normal

process errors on recruitment and stock represdytéue number of adult females:

Nt*'0 -a DD{L'O E—/ﬂ]\l' +& (5)
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where Nio is the total number of age 0 larvae produced,ritgss of sex or copy nhumber,

10
A is the number of adult female sea lamprey (sexcofty number = 0),

o, are Ricker structural parameters, set=a69 andf=1.6 x 10° , and

- 2
& IS a process error term for recruitmenty ©.97) , Wwhereo, = 019.

To allocate age zero larvae to sexes and copy nsmeEeneeded to assign copy numbers
to gametes. For the daughterless construct, alliothehls with at least one copy of the construct

are effectively males, so female gametes will nesely have a copy number of 0, and the

proportion of female gametes with copy numberpclio() equals 1. To calculate the overall
proportion of male gametes with copy numbers froto 8 we used the binomial probability
distribution function. We compute the probabilifysomale gamete with h copies of the
construct deriving from a male adult lamprey withapies and then sum that proportion,
weighted by the relative abundance of male adoipley with g copies, over all cases where g

h:

28: — < [05" 059" GL‘ (6)

g=h g h)' Z Aog
This calculation assumes that the loci containirggdonstruct are not linked (i.e., they
disassociate independently during meiosis) andthi@atonstruct is never homozygous at a
locus. Because in our example the construct ig cerried by phenotypic males, this latter
assumption will necessarily be true. Finally, bguasing random mating, and noting that all

female gametes have copy number 0, the proporfioffspring with copy number g will be

Q¢ = pO,g Epl,O = pO,g (7)
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The number of age 0 larvae by sex and copy nunsiiéen:

NI =N;, "7, g=0

N;§ =0 g>0 @
Nt%g = Nt*,O [0° DTO g= 0
N5 = N;, [O° g>0

where 71,79 are the expected proportions of females and nwatescopy number 0 in the
population fr; + 7o =1).

The sex ratios of adult sea lampreys changed sufatg from the pre-control (1950s) to
the post-control (1980s) periotl){ with a preponderance of males prior to contral a
preponderance of females now. We assumed thathhisge in sex ratio was a compensatory
response to changes in sea lamprey densities, addlitihe effect by allowing the proportion of
males to increase linearly from 35% at an adulhdance of 150,000 to 65% at an adult
abundance of 1,500,000. This approximates prejpasticontrol abundances in one of the upper
Great Lakes. Below 150,000 and above 1,500,000rb@ortions were fixed at 35% and 65%
respectively.

We calibrated the model by adjusting the stockeriément density-dependence
parameterf) to result in a population of roughly 1,000,00Qlhdea lampreys in the absence of
pest control, and then adjusted the larval survizd &) to result in a population size of
roughly 150,000 adult sea lampreys in the presehcbemical control. These calibration
values are representative of sea lamprey poputapos and post- lampricide control in the
upper Great Lakes. We used a more detailed, syatigblicit model of sea lamprey chemical
control to estimate the annual mortality of largag = 0.2) and transformersr; =0.46) at the
whole-lake scale due to lampricide applicati@n (A critical, but reasonable, assumption of our

modeling strategy is that density-dependent meehas)irepresented by theerm of the stock-

156



recruitment relationship, operate only weakly at lihw population levels present in the Great
Lakes today, due to the continued application lahapricide control program which suppresses
the population well below its carrying capacity.
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