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ABSTRACT. Accurate forecasts of the number of larval sea lamprey (Petromyzon marinus) within a
stream that will enter into metamorphosis are critical to currently used methods for allocating lampricide
treatments among streams in the Great Lakes basin. To improve our ability to predict metamorphosis we
used a mark-recapture technique, involving the marking of individual larval lamprey with sequentially
coded wire tags, to combine information regarding individual and stream level parameters collected in
year t, with direct observations of metamorphic outcome of lamprey recaptured in year t+1. We used
these data to fit predictive models of metamorphosis. The best model demonstrated excellent predictive
capabilities and highlighted the importance of weight, age, larval density, stream temperature and geo-
graphic location in determining when individual lamprey are likely to transform. While this model was
informative, it required data whose measures are not practical to obtain routinely during the larval sea
lamprey assessment program. A second model, limited to data inputs that can be easily obtained, was de-
veloped and included length of larvae the fall prior to metamorphosis, stream latitude and longitude,
drainage area, average larval density in type-2 habitat, and stream lamprey production category (a mea-
sure of the regularity with which treatments are required). This model accurately predicted metamorpho-
sis 20% more often than current models of metamorphosis; however, we recommend further validation on
an independent set of streams before adoption by the Great Lakes Fishery Commission for ranking
streams. 
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INTRODUCTION

The invasion of the Great Lakes by the parasitic
sea lamprey (Petromyzon marinus) and the subse-
quent impacts on both fish populations and the
ecosystem as a whole have been well documented
(Smith and Tibbles 1980, Pearce et al. 1980,
Christie and Goddard 2003). Since 1958, the lamp-
ricide 3-trifluoromethyl-4-nitrophenol (TFM) has
been used by the Great Lakes Fishery Commission
(GLFC) to reduce the abundance of sea lampreys in
Great Lakes streams, resulting in a significant re-

duction in overall sea lamprey abundance in the
Great Lakes (Smith and Tibbles 1980). Owing to
the fact that the larval stage lasts several years
(Manion and Smith 1978), it is neither necessary
nor cost-effective to treat all sea lamprey producing
streams with TFM every year. Effective lampricide
control, therefore, requires choices to be made
about which streams to treat each year. The logis-
tics of the sea lamprey management program dic-
tate that information for these choices be gathered 1
year prior to the anticipated year of stream treat-
ment. Specifically, it is important to know what the
sea lamprey production is in a given stream and
what proportion of the sea lamprey population pre-
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sent is likely to undergo metamorphosis and enter
the Great Lakes as parasitic-phase sea lampreys the
following year. In this paper we develop an empiri-
cal model of metamorphosis and discuss why it
might provide a preferred alternative to the current
methods for predicting metamorphosis. 

Methods used to select streams for treatment
have changed considerably since the beginning of
the lampricide program. Initially, subjective deci-
sions about the treatment of streams were made
based on the observed presence or absence of sub-
stantial numbers of large larvae during stream sam-
pling. In 1982, the GLFC initiated a program of
integrated sea lamprey management (IMSL), which
among other things called for a more objective ap-
proach to balancing the benefits and costs of con-
trol alternatives (Sawyer 1980). Adoption of this
approach led to the need for a more rigorous quanti-
tative method to determine the sea lamprey popula-
tion in streams and thus the potential benefit of
stream-level control decisions. In 1995 the GLFC
adopted a quantitative assessment survey (QAS)
and stream ranking methodology, which combines
survey data on larval density and habitat with pre-
dictive models of growth and metamorphosis to
forecast the number of parasitic-stage lampreys that
will leave a stream the following year. Streams are
selected for lampricide treatment based on this esti-
mate of parasitic escapement relative to the cost of
stream treatment. 

Metamorphosis in larval sea lampreys comprises
a change in both physical form and behavior; from
blind, burrowing, filter-feeding ammocoetes to
eyed, free-swimming juveniles that are predators on
teleost fish (Youson 2003). The models that are cur-
rently used to forecast when metamorphosis is
likely to occur were developed by collecting and
measuring lengths of larvae and recently metamor-
phosed juveniles (transformers) during lampricide
treatments. Estimates of stream-specific average
daily growth were used to predict the length of sea
lamprey larvae from the year of collection to their
estimated length at the end of the previous year,
while for transformers it was assumed that no
growth in length would have occurred. This latter
assumption was justified by research suggesting
that larval sea lamprey enter a period of arrested so-
matic growth prior to entering into metamorphosis,
instead directing energy intake to build up lipid re-
serves (Potter 1980, Holmes and Youson 1997). Lo-
gistic regression was then used to fit models to
these data to forecast the length-dependent proba-
bility of metamorphosis in the following year. At

present, two regional models are used to predict
metamorphosis in the Great Lakes (Hansen et al.
2003); one for the upper lakes (Lakes Huron,
Michigan, and Superior) and one for the lower
lakes (Lakes Ontario and Erie). Although these
models were developed from the best data available
at the time, the assumptions that growth is constant
throughout the larval phase, that animals enter into
an arrested growth phase prior to metamorphosis,
and that length is the only critical factor in deter-
mining the onset of metamorphosis, contribute sub-
stantial uncertainty to our ability to select the most
appropriate streams for treatment (Steeves 2002).

An independent review of the assessment and
stream ranking process (Hansen et al. 2002) identi-
fied length-based probability of metamorphosis
models as a major source of uncertainty that cur-
rently limits confidence in the selection of streams
for treatment. Collections made at the time of lamp-
ricide treatment, as well as numerous field and lab-
oratory studies, have documented that length at
metamorphosis can be highly variable both among
and within streams from year to year (Manion and
Stauffer 1970, Purvis 1980, Morkert et al. 1998).
Previous research has suggested that individual-
and population-level variables such as sex, age, and
larval density, along with stream-level environmen-
tal parameters such as temperature, stream location,
and water chemistry characteristics may affect
growth and/or metabolism in such a way as to intro-
duce variability over both space and time in rates of
metamorphosis (Morman 1987, Murdoch et al.
1992, Rodriguez-Munoz et al. 2003). Near the end
of the larval phase, somatic growth tends to de-
crease as metabolism shifts to the accumulation of
lipids (Lowe et al. 1973, Youson et al. 1979). Potter
(1980) documented an increase in lipid content of
larval sea lampreys from approximately 4%, up to
14% prior to the onset of metamorphosis. This
phase of reduced growth complicates the use of
length as the sole predictor of metamorphosis, be-
cause two groups of lampreys in different stages of
development may exist in a single length-class:
those that recently attained that size, and those that
attained their size earlier, and have shifted from so-
matic growth to the accumulation of lipids (for re-
view, see Youson 2003). 

Accurate measures of lipid content in fishes have
until recently required lethal sampling, which elimi-
nates the ability to observe the individual’s meta-
morphic fate and thereby empirically establish the
link between lipids and the onset of metamorphosis.
Other models of metamorphosis have attempted to
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account for this stage of lipid accumulation by
using various measures of condition (e.g., Fulton’s
condition factor = weight/length3 × 106) (Holmes et
al. 1994, Henson et al. 2003). Unfortunately, there
is often an inverse relationship between lipids and
water content in fishes, and thus increases in lipid
content are not necessarily reflected in proportional
increases in mass or condition (Youson et al. 1993,
Holmes and Youson 1994, Jonas et al. 1996). While
hormonal and metabolic studies have illustrated the
utility of condition factor in predicting metamor-
phosis in close proximity to the event (Youson
2003), these models have not performed well at
predicting metamorphosis many months in advance,
as is required to rank streams for lampricide treat-
ment (Treble 2006).

The objective of this study was to develop a pre-
dictive model of metamorphosis in larval sea lam-
preys based on direct measurements of individual
lamprey and stream-specific characteristics. Be-
cause previous research has emphasized the impor-
tance of lipid accumulation in preparing larvae for
metamorphosis, this study incorporated direct, non-
invasive estimates of lipid content in addition to
other biotic and abiotic variables. By combining in-
dividual mark-recapture data with stream- and year-
specific measures of temperature and water
chemistry parameters, our goal is to explain some
of the variation associated with metamorphosis in
Great Lakes sea lamprey populations. Our overall
objective was to improve our ability to predict
metamorphosis and thus more accurately rank
streams for lampricide treatment.

METHODS

Our approach, following methods established by
Hollett (1998), was to collect and individually mark
large sea lamprey larvae from several Great Lakes
streams where lampricide treatment was anticipated
for the following year. Suitable streams were se-
lected through consultation with both United States
Fish and Wildlife Service (USFWS) and Depart-
ment of Fisheries and Oceans Canada (DFO) sea
lamprey biologists, who identified streams with
abundant populations of large sea lamprey larvae
(length > 100 mm) that would be suitable candi-
dates for a fall lampricide treatment the following
year. Eight streams were selected from across the
Great Lakes basin (Fig. 1) that fit these criteria, as
well as providing contrast in geographic location,
water chemistry, and larval densities.

In late summer of 2003, larval sea lampreys mea-

suring > 100 mm were collected from Bowmanville
Creek, Little Sandy Creek, and Pancake River,
using ABP-2 DC backpack electrofishing gear
(University of Wisconsin Engineering Technical
Services, Madison, WI). Animals were anaes-
thetized using clove oil, measured for length 
(± 1 mm), weight (± 0.01 g), and scanned for total
body electrical conductivity (TOBEC) using an
EM-Scan Model SA-3000 Small Animal Body
Composition Analyzer (EM-Scan Inc., Springfield,
IL, 62704-5026). TOBEC provides a non-invasive
index of lipid content based on the electrical imped-
ance created when an individual is placed within a
low-frequency electrical field (Piasecki et al. 1995,
Scott et al. 2001, Treble 2006). Following the
methodology described by Bergstedt et al. (1993),
larval lampreys were injected with an individually
identifiable coded wire tag (CWT, Northwest Ma-
rine Technology, Shaw Island, WA, USA) and re-
leased back into their natal stream. The same
procedure was used in 2004 on larvae from Ceville
Creek, Juniata Creek (tributary to Cass & Saginaw
Rivers), Silver Creek, Root River, and Crystal
Creek. In both years, following the release of
tagged larvae, temperature loggers (HOBO Water
Temp Pro, Onset Computer Corporation, Pocasset,
MA, USA) were installed within the release area
and set to record water temperature every 4 hours.

The year following marking, streams were visited
in late August to mid October during a scheduled
lampricide treatment. Using long handled scap nets,
crews collected dead and dying larval and meta-
morphosing sea lamprey throughout the study sec-
tion of stream, from the uppermost point where
marked animals were released, to the downstream
limit of wadable water. Drift nets were also placed
at suitable points throughout the study area to col-
lect dead and dying animals as they drifted down-
stream with the lampricide block. After the
treatment was completed, collections of lampreys
were scanned for the presence of CWTs, using a
Northwest Marine Coded Wire Tag V-Detector, and
lampreys containing a CWT were measured for
length and weight, and then frozen individually for
transport back to the lab. A complete summary of
marked and recaptured lamprey from the eight
study streams is provided in Table 1.

Averages of alkalinity, pH, and conductivity mea-
surements were calculated from water chemistry
records of both current and prior lampricide treat-
ments. Temperature loggers were retrieved follow-
ing treatments and the data downloaded. In two
instances, loggers were lost, so temperature data



Predicting Sea Lamprey Metamorphosis 407

FIG. 1. Location of the eight study streams selected for this study within the Great Lakes basin. * indi-
cates the locations of streams added to the management model dataset from Hollett (1998).

TABLE 1. Number of marked and recaptured sea lamprey larvae by stream, including the year of mark-
ing and total numbers.

Total Number Recapture
Stream Lake Marked Recaptured Larvae Transformers Rate

Pancake River1 Superior 144 10 4 6 6.9%
Bowmanville Cr.1 Ontario 344 50 12 38 14.5%
Little Sandy Cr.1 Ontario 121 22 11 11 18.2%
Root River2 Huron 254 11 6 5 4.3%
Crystal Creek2 Huron 170 15 13 2 9.4%
Silver Creek2 Huron 182 40 37 3 22.0%
Juniata Creek2 Huron 168 37 34 3 22.0%
Ceville Creek2 Michigan 142 27 25 2 19.0%

Totals 1,525 212 143 70 13.9%
1 denotes streams with larvae marked in 2003 and recaptured during lampricide treatments in 2004.
2 denotes streams with larvae marked in 2004 and recaptured during lampricide treatments in 2005.
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from nearby streams were used as surrogates. On
the Root River, temperature data from a logger in-
stalled in a tributary, Crystal Creek, was used, and
on Little Sandy Creek, data were obtained from two
nearby streams and the average of the two daily
temperature values was used (Fisheries and Oceans
Canada, Sea Lamprey Control Centre, unpublished
data). 

Based on larval assessment and treatment data
from the lamprey control program, estimates of the
average larval density in type-1 (optimal) and type-
2 (satisfactory) habitat (Dustin et al. 1989, Slade et
al. 2003), along with the number of years since
each stream was last treated, were added to the list
of the variables examined. Streams were also cate-
gorized based on the regularity with which they are
treated, and this was added as a categorical vari-
able. Category one streams tend to have regular
treatment intervals and consistent recruitment after
treatment, whereas category three streams exhibit
irregular treatment and lamprey production cycles;
category two streams are intermediate between
these two extremes (Anderson 2007). The geo-
graphic location of each stream mouth (latitude/lon-
gitude (decimal degrees)) and the size of its
drainage area (ha) were obtained from the Sea Lam-
prey Control Centre’s GIS database. A complete list
of stream-level characteristics for each stream used
in this study is presented in Table 2.

Laboratory Methods

Tags were retrieved from recaptured lamprey by
scanning each larva with a V-notch detector and
continuously sectioning each tagged lamprey until
the tag was found. Tags were cleaned, mounted be-
tween two magnetic brass pencils, and read using a
stereoscopic dissecting microscope. Tag numbers,
age, gender, and developmental stage of each recap-
tured animal were matched with measurements
taken on the same individual when they were
marked and released the previous year. 

The age of recaptured lampreys was determined
by extracting the statoliths following procedures
described in Hollett (1998). Extracted statoliths
were stored in a multiwell plate containing immer-
sion oil for a period of 10–15 days, to improve the
transparency and clarity of the annuli before being
mounted to numerically coded slides using a small
amount of Crystal BondTM adhesive. Statoliths
were aged by three people, using a compound mi-
croscope, without prior knowledge of the life stage,
source stream, or previous age assignments. The in-

terpreted ages were then compared; for 33 lampreys
there was no agreement among readers, so these in-
dividuals were removed from further analysis.

The sex of recaptured lampreys was determined
following procedures described by Docker and
Beamish (1994). Portions of recaptured lampreys
were cross-sectioned while frozen and microscopi-
cally examined for the presence of ovaries. The re-
maining portion of the lamprey was fixed in a 10%
formalin solution for later independent verification.
Where the state of the specimen precluded the
determination of sex (n = 11), the animal was re-
moved from the dataset. Estimates of pre-metamor-
phic lipid weight and percent body lipids were
generated using empirical models developed specif-
ically for larval sea lamprey (Treble 2006), that
combine larval condition factor and TOBEC mea-
surements (taken at the time of marking) to provide
an estimate of lipid weight. 

Data collected from temperature loggers were
used to generate several possible explanatory tem-
perature variables. For each stream, the number of
days within a suitable temperature range for meta-
morphosis (9–25°C) (Holmes and Youson 1998),
the number of days within 2°C of the optimal tem-
perature for metamorphosis (21°C) (Holmes and
Youson 1998), the average temperatures for each of
the 3 months leading up to the onset of metamor-
phosis (April, May, June), and the overall mean an-
nual temperature were calculated. A measure of the
spring warming rate was also included, calculated
as the average daily increase in water temperature,
starting when streams reached the lower thermal
limit of 9°C, and ending when the stream was
within 2°C of the suggested optimal temperature for
metamorphosis (as some streams did not reach 
21°C) (Holmes and Youson 1998). 

Statistical Methods

We used a best-subsets multiple logistic regres-
sion technique (Statistica Version 7, StatSoft Inc.,
Tulsa, OK, USA), with the developmental fate of
individual sea lamprey (larvae versus transformer)
as the dependent variable, to compare among mod-
els with different sets of independent variables.
Corrected Akaike’s Information Criterion (AICC)
values were used to compare models, as sample
size relative to the number of possible parameters
was low (Burnham and Anderson 2004). Because
AICC values could only distinguish between models
differing by more than a value of two, variance in-
flation factor (VIF) was used to remove models that
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contained highly correlated variables from the list
of possible models. Model averaging was also used
to develop a model that was a hybrid of the top
models (Burnham and Anderson 2004). Given the
large number of potential variables involved (n =
21), a Principal Components Analysis (PCA) was
also performed to see if a less redundant, more par-
simonious model would have improved predictive
capabilities over the other models. The Kappa sta-
tistic (κ) (Cohen 1960) was used to select the final
model, based on a confusion matrix (Manel et al.
2001). Parameters for the final model were then es-
timated using a mixed-effects generalized linear
model with stream as a random effect. 

Once the top model was selected, its ability to pre-
dict metamorphosis in larval sea lampreys was com-
pared with that of two metamorphic models in
common use, also using the Kappa statistic. These
two models were: (1) the two-region length-based
probability of metamorphosis model currently used
by the GLFC in the empirical stream treatment rank-
ing (ESTR) software (Christie et al. 2003); and (2) a
minimum criteria (MC) model, which sets minimum
thresholds for length, weight, and condition factor
before metamorphosis is predicted to occur (Holmes
and Youson 1994, Holmes et al. 1994, Hollett 1998,
Henson et al. 2003). The number of correct trans-
former predictions, the number of correct predictions
overall (of both larvae and tranformers) and the
Kappa statistic were all used to compare the perfor-
mance of each model relative to the other two.

Because one purpose of this study was to develop

a model that could be used within the framework of
the Great Lakes Fishery Commission’s stream rank-
ing process, a second model analysis was per-
formed to develop a management-oriented model,
following the same procedures as described above.
In this analysis, the suite of variables used was lim-
ited to those that could be readily collected by field
staff over the course of the field season. Additional
stream-specific data were obtained from a similar
mark-recapture study that was performed in
1995/1996 (Hollett 1998), allowing for the combi-
nation of these two data sets and providing an in-
crease in both the number of streams and the
overall number of observations with which to de-
velop the management model. 

RESULTS

General Findings

Recaptured lampreys that entered into metamor-
phosis were significantly longer and heavier in the
fall (at the time of marking) than those that did not
(Table 3), with significant differences in the average
size of both larvae and transformers from different
streams. There was not a significant difference in
size (either length or weight) between male and fe-
male larvae or transformers (Table 3). There was a
significant trend for the growth of larvae to be
greater in southern and eastern streams of the basin
(r = –0.26, p < 0.0001, N = 212 for both latitude and
longitude) and in streams with higher pH values (r =
0.22, p < 0.01, N = 212). Of the eight temperature

TABLE 3. Results of Analysis of Variance (ANOVA) for differences in (A) length at the time of marking
and (B) weight at the time of marking, between larval and metamorphosed sea lamprey from eight differ-
ent streams.

(A) ANOVA Table (Dependent variable = Length)

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
Stream Random 11.462 7 1.637 4.326 0.0002
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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parameters explored in this analysis, only the aver-
age temperatures during May and June were signifi-
cantly related to growth on the set of streams in this
study (May: r = 0.19, p < 0.05; June: r = –17, 
p < 0.05). Growth rates of category one and two
streams, while not significantly different from one
another, were significantly higher than growth rates

from category three streams (one-way ANOVA, 
F2, 209 = 6.035, p = 0.003). 

Biological Model Analysis

The number of lampreys available for the devel-
opment of the biological model analysis was re-
duced from the original 212 recaptures to 168,

TABLE 4. Model selection results for the biological model.

Percent Percent Percent
Overall Larvae Transformers Kappa

Model variables df AICc Correct Correct Correct Statistic

W / A / OT / Lat / Lon / T2 5 68.98 92.86% 96.75% 82.22% 0.8126
W / A / OT / pH / Lon / T2 5 68.30 92.26% 95.93% 82.22% 0.7984
W / A / OT / Con / Lon / T2 5 68.72 92.26% 95.93% 82.22% 0.7984
W / A / OT / pH / Lon / T1 6 68.78 92.26% 95.93% 82.22% 0.7984
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% 0.7845
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% 80.00% 0.7814
W / A / Apr / May / DA / LT 6 68.76 91.67% 95.93% 80.00% 0.7814
W / A / Jun / DA / LT 6 68.87 91.67% 95.93% 80.00% 0.7814
W / A / OT / Alk / Lon / T1 5 68.92 91.67% 95.93% 80.00% 0.7814
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% 0.7674
W / A / OT / Lat / Lon / T2 / Sx 6 68.61 91.07% 95.12% 80.00% 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% 0.7537
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% 0.7189

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 Type-2 habitat
PLW = Predicted Lipid Weight (g) ADG = Avererage Daily Growth (mm)
PLP = Predicted Lipid (Percent of wet body weight) ST = Suitable Temperature (between 9 and 25°C)
Lat = Latitude (decimal degrees) OT = Optimal Temperature (between 19 and 23°C)
Lon = Longitude (decimal degrees) MT = Mean Annual Temperature (°C)
DA = Stream drainage area (km2) Apr = Average stream temperature in April (°C)
Con = Conductivity (S/cm) May = Average stream temperature in May (°C)
Alk = Alkalinity(CaCo3/mg) Jun = Average stream temperature in June (°C)
pH = pH of stream (measure of acidity) SWT = Spring Warming Trend (slope of the line showing    
LT = years since last treatment increase in temperature over time)
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because reliable estimates of age or sex could not
be determined for 44 larvae. The best-subsets
model selection procedure, using the full suite of
variables, produced a list of 29 potential models, all
with AICC values differing by less than two (Burn-
ham and Anderson 2004). The use of principal
components to identify independent variables did
not improve model fit.

Since AICC values alone were not able to iden-
tify a single best model, the ability to correctly pre-
dict the occurrence of metamorphosis in individual
lamprey and the kappa statistic were added to the
selection criteria, resulting in the selection of a
model that contained a measure of lamprey weight
and age, as well as the stream-level effects of
stream latitude, longitude, average larval density in
type-2 habitat, and the number of days where the
water temperature was between 19 and 23°C. This
model correctly predicted the fate of 92.9% of the
recaptured animals, and 82.2% of those that under-

went metamorphosis (Table 4). The kappa statistic
value for this model was 0.8126, which indicates
nearly perfect agreement (Landis and Koch 1977).

Model averaging was utilized to develop a hybrid
model from the list of potential models, but the re-
sulting composite model exhibited poor kappa val-
ues and could not consistently differentiate from
streams with different rates of metamorphosis. The
resulting Akaike weights, however, were useful in
illustrating variables important to metamorphosis,
in particular highlighting the importance of weight,
age, stream longitude, and drainage area measure-
ments in the prediction of metamorphosis (Fig. 2). 

The variance estimate for the random effect of
river was close to zero, and models that excluded
river as a random effect had lower AICC values,
leading us to conclude that the explicit inclusion of
stream-level variables was able to account for the
observed variability in metamorphic rates among
streams (Table 5). As a result, the final model does
not contain river as a random effect and should be
applicable to streams outside of those used in
model development.

Management Oriented Model

The final biological model included variables
(age, sex, time-integrated temperature) that are im-
practical to collect given the number of streams and
lampreys that are sampled by the control agents
each year. We conducted a second analysis, limiting
the explanatory variables to those that could readily
be obtained by management agencies. Since age or
sex was not included in this analysis, the full
dataset of 212 recaptured lampreys was used. Sup-
plementary water chemistry data from the lamprey
control program allowed for the addition of mark-
recapture data from Hollett (1998), which increased
the number of streams in this analysis to 11 and
brought the overall size of the dataset to 315 lam-
preys (214 larvae, 101 transformers).

The results of the model selection procedure on
the combined dataset produced four similar top
models, only differing in their inclusion or omission
of condition factor and stream conductivity (Table
6). While a model consisting of length, condition
factor, and stream latitude, longitude, drainage area,
and lamprey production category possessed the
highest kappa value, the parameter estimate for
condition factor was not significant, so a similar
model without condition factor (the model ranked
second based on kappa) was selected as the top
model. This model was able to correctly predict the

FIG. 2. Relative importance, based on Akaike
weights, of predictor variables from the list of 26
top biological models for the prediction of meta-
morphosis. Age, with a weight of one, was the only
predictor variable to be found in each one of the
top models.
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fate of individual larvae 87.6% of the time. Model
averaging was not employed during the manage-
ment model development, because only four very
similar models were in consideration. Again, prin-
cipal components did not improve model fit. As
was the case with the biological model, the random
effect of stream was not significant, showing that
the inclusion of the stream-specific parameters ac-
counted for inter-stream variability in metamorphic
rate (Table 7). 

Comparison with Other Predictive
Models of Metamorphosis

The two models developed in this study were
much better at predicting which larvae would enter
metamorphosis than the other two existing models

(Table 8). A direct comparison of the management
model with the biological model was not per-
formed, as the datasets used to derive the two mod-
els differed in both the number of variables and
their sample size. Kappa values for the biological
model indicated almost perfect agreement (Table
8A) while the management model exhibited sub-
stantial agreement (Table 8B) (Landis and Koch
1977). In contrast, the kappa values for the MC and
ESTR models ranged only from slight to fair agree-
ment when applied to either the biological or man-
agement model datasets. A stream-specific analysis
of model output indicated that the management
model provided equal or more accurate predictions
of metamorphosis relative to the ESTR and MC
models, on 8 of 11 streams. 

TABLE 5. Parameter estimates, standard errors, and p-values from a mixed model analy-
sis for the biological model of metamorphosis selected as best (with the highest kappa statis-
tic value and predictive accuracy), based on mark-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 23°C –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
Estimate Error p-value

Random Effects:
Stream < 0.0001 — —

TABLE 6. Model selection results for the management-based model.

Percent Percent Percent
Overall Larvae Transformers Kappa

Model Variables df AICc Correct Correct Correct Statistic

L / CF / Lat / Lon / DA / T2 / Cat 8 182.44 87.94% 92.99% 77.23% 0.717
L / Lat / Lon / DA / T2 / Cat 7 182.66 87.62% 92.52% 77.23% 0.711
L / CF / Lat / Lon / DA / Con / T2 / Cat 9 184.12 87.30% 92.99% 75.25% 0.701
L / Lat / Lon / DA / Con / T2 / Cat 8 184.31 86.98% 92.06% 76.24% 0.696

Where:
L = Length (mm) DA = Stream drainage area (km2)
CF = Condition Factor Con = Conductivity (S/cm)
Lat = Latitude (decimal degrees) Cat = Stream Lamprey Production category
Lon = Longitude (decimal degrees) T2 = Average larval density in Type-2 habitat
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DISCUSSION

Our results suggest that including additional vari-
ables within predictive models of metamorphosis
can account for much of the variability observed in
metamorphic rates of sea lamprey across the Great
Lakes and greatly improve our ability to forecast
parasitic sea lamprey production. The predictive ac-

curacy of both the biological and management mod-
els was far superior to the length-based and condi-
tion-based models currently in use, for the streams
used to develop our models. We recognize that this
is not an ideal comparison because the data used to
fit our models were also used to evaluate their accu-
racy. For this reason and others outlined below, we

TABLE 7. Parameter estimates, standard errors, and p-values from a mixed model analy-
sis for the management model selected as best (with the highest kappa statistic value and
predictive accuracy), based on combined mark-recapture data (n = 315) from this study and
Hollett (1998).

Parameter Standard
Effect Estimate Error p-value

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

Categorical 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
Estimate Error p-value

Random Effects:
Stream < 0.0001 — —

TABLE 8. Comparison of model predictions from the two models developed in this study with the two
other common models of sea lamprey metamorphosis. Table A is based on the data collected in the mark-
recapture study, minus animals where an accurate estimate of age was not obtained. Table B is based on a
combination of these mark-recapture data, plus those of Hollett (1998), but where the variables included
in the model analysis were limited to those easily collected within the scope of the sea lamprey manage-
ment program.

Correct Correct Correct
Larval Transformer Transformer Incorrect Kappa

Model Predictions Predictions Predictions (%) 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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strongly recommend further efforts to test the accu-
racy of the new models relative to existing tools.

The biological model may not be practical for
use within the existing sea lamprey control pro-
gram, but it does point to factors that appear to in-
fluence the probability of metamorphosis in sea
lamprey populations. Sea lamprey age was included
in all of the top biological models, indicating that
older larvae, independent of their length and
weight, are more likely to enter metamorphosis.
Weight was included in all but one of the top mod-
els, with estimated lipid weight replacing total
weight in the one exceptional case. This result is
consistent with the hypothesis that larvae must
reach a certain mass and possess sufficient energy
reserves prior to entering into metamorphosis
(Holmes and Youson 1994). In contrast, our non-in-
vasive estimates of larval lipid content only entered
into two of the top biological models. Previous re-
search has indicated that lipid accumulation is im-
portant to metamorphosis in sea lampreys, a
phenomenon unique to sea lampreys (Holmes et al.
1999, for review, see Youson 2003). Our results
suggest that either our non-invasive methods were
not sufficiently accurate to discriminate important
differences in actual lipid levels, or that this indica-
tor is not evident in larvae sampled during the
growing season prior to metamorphosis. To dis-
criminate among these explanations, we recom-
mend further investigation into non-invasive
methods for determining lipid content of larval sea
lampreys (Cox and Hartman 2005, Crossin and
Hinch 2005). 

Both the biological and management models in-
cluded several stream-level variables that account
for variation in the probability of metamorphosis
among individual sea lampreys with similar
lengths, weights, and ages but from different
streams. These included a stream temperature vari-
able (biological model only), latitude and longitude,
larval density in Type 2 habitat, drainage area
(management model only), and stream category
(management model only). Each of these factors
represent environmental variables that could plausi-
bly affect metamorphosis (temperature, regional
edaphic factors, stream productivity, etc.), but in
general the direction of the observed effects was in-
consistent either among models (e.g., larval den-
sity) or with a priori hypotheses. For example we
observed a negative relationship between a stream
temperature variable and probability of metamor-
phosis in the biological model, in contrast with pre-
vious studies (Holmes et al. 1994, Holmes and

Youson 1997) which concluded that it is the rise in
temperature in the spring that is the important cue,
not the magnitude of the temperature increase. Be-
cause our analysis is limited to nine (biological) or
eleven (management) streams, and because the
mechanisms underlying these environmental effects
are not clear, it may be inappropriate to extrapolate
our models that contain these variables to other
streams without further validation and exploration
of mechanisms. 

We recommend that both existing and future
models of metamorphosis be evaluated using indi-
vidual-specific mark-recapture studies in the field
before being affirmed as a basis for making lampri-
cide treatment decisions. Recently, emphasis has
been placed on evaluating larval assessment accu-
racy by conducting mark-recapture studies during
lampricide treatments to estimate abundance
(Hansen et al. 2003). In these evaluations, sea lam-
prey larvae are mass-marked by removing a piece
of non-vascular tissue from the distal end of the
caudal fin; consequently the physiological fate of
individuals cannot be followed. Valuable additional
information on metamorphosis could be obtained
by modifying some of these mark-recapture studies
to include measurements of individual lampreys
and coded wire tag implantation at the time of
marking, following the methods used for this study.
In particular, selecting streams where the discrep-
ancy in transformer estimates between different
metamorphic models is the greatest may lead to a
rapid improvement in our ability to develop models
that more accurately predict metamorphosis.

Finally, the methods currently used by the GLFC
to rank streams for lampricide treatment suffer from
the fact that the models of metamorphosis being
used, along with their underlying assumptions, have
not been evaluated to assess how errors in their pre-
dictions might affect the stream ranking process.
The uncertainty associated with both existing and
new models should be integrated into a stream se-
lection simulation analysis to compare the perfor-
mance of alternative stream ranking protocols. We
have conducted a preliminary analysis of this type
which indicated that although stream ranking meth-
ods based on predictions of metamorphosis are op-
timal when the models are precise and accurate,
other ranking methods may be more robust to the
high degree of uncertainty that actually exists in
these models (Steeves 2002, Treble 2006). Our re-
sults also suggest that a new metamorphic model
that decreases uncertainty surrounding transformer
forecasts could lead to a substantial improvement in
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our ability to control lamprey populations in the
Great Lakes. 
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