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ABSTRACT

Sea lamprey (Petromyzon marinus) ammocoetes collected from eighteen locations
within Lake Superior were electrophoretically analyzed for genetic variability
at 25 enzyme loci. Enzyme expression did not vary between life stages
(ammococete vs. adult) or collection method (fresh frozen vs. TFM killed).
Analysis by F-statistics and chi-square indicated that a significant degree
of population structuring occurs among lampreys from Lake Superior. Cluster
analysis of gemetic distances generally grouped collections that were in
geographical proximity to each other. A weak but significant correlation
was detected between genetic and geographic distances. It was concluded

that multiple populations of sea lamprey occur within Lake Superior and are
maintained by homing of spawning adults or restricted dispersal away from
natal areas.




CONCLUSTIONS/APPLICATIONS

Sea lamprey ammocoetes collected from eighteen locations within Lake
Superior were electrophoretically analyzed for genetic variability at

25 enzyme loci. The genetic data presented suggest that multiple popula-
tions of sea lampreys exist within localized areas cof the Lake Superior
basin.

An intensive management program to reduce the sea lamprey populations began
in 1953 with the installacion of electrical barriers in streams to block
spawning runs (Lawrie 1970; Smith 1971; Smith et al. 1974; Smith and Tibbles
1980). Control measures became much more effective when the selective
toxlcants, TFM (3-trifluoromethyl-4-nitrohpenol) and Bayer 73 (2', 5-
dichloro-4'nitreosalicylanilide) were used against the ammoccetes in streams.
Application of these lampricides at intervals of three to four years In
Lake Superior tributaries continues to be the predominant tool used in sea
lamprey control. The contrel program 1s organized around a survey system
that gathers data on the abundance of ammocoetes in tributary streams. The
basic management units for population control are those streams with high
densities of ammocoetes nearing the tramnsformation life stage.

Based on the results of this research, the adopticn of a stock concept
approach (Loftus 1976) to lamprey control is a viable management alternatlve
which may increase control effectiveness. In this case sea lamprey control
emphasis would shift from individual streams to population regions in order
to minimize the rate of reestablishment subsequent to chemical treatment.

It may also be wise to avoid the planting of speciles with migratory habits

80 as to prevent the passive transport of adult lampreys out of their popula-
tion areas.




MATERIALS AND METHODS

Sea lamprey ammocoetes from seventeen tributaries and one bay of Lake Superior
were collected during chemical treatment or by electrofishing (Fig. 1). Animals
from the Middle and Nebagamon rivers were transported alive and held in aquaria
prior to analysis. The cther specimens were frozen as soon as possible after
collection and stored at -20¢ C.

Starch gel electrophoresis was conducted on lamprey muscle tissue according

to the procedures given by Krueger (1980}). The nomenclature for specifying
enzymes, loci, and alleles is that proposed by Allendorf and Utter (1979).

Gels were stained for sixteen enzymes encoded by 25 gene loci: adenosine dea-
minase (ADA-1,2), alpha-glycerophosphate dehydrogenase (AGP), aspartate amino-
transferase (AAT-1,2), creatine phosphokinase (CPK-1,2), glucose-6-phosphate
dehydrogenase (GHPDH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH-1,2),
lactate dehydrogenase (LDH), malate dehydrogenase (MDH-1,2,3), malic enzyme

(ME), peptidase (PEP-1,2), peroxidase (PER-1,2), 6-phosphogluconate dehydrogen-
ase {6PCD), phosphglucose isomerase (PGI-1,2), phosphoglycerate kinase (PGK),
phosphoglucomutase (PGM-1), and sorbitol dehydrogenase (SDH}. Among these loci,
four were demonstrably polymorphic: AGP, MDH-1, PGI-2, and PGM-1. Electrophoretic
expression of ME and PER has been reperted by Brussard et al. (1981); the remain-
ing enzymes have been described by Krueger (1980). The buffer systems of Ridgway
et al. (1970) and Whitt (1970) were used to resolve PER and ME, respectively.

Electrophoretic expressions of enzymes were also compared between fresh-frozen
and TFM (3-triflouromethyl-4-nitrophenol) killed lampreys. Fourteen ammocoetes
from Nebagamon R. were held in an aquarium and exposed to 12 mg/L TFM, a dosage
comparable to that used in lamprey control applications. Death occurred in
approximately 4 hours. Asingle individual, also used in the analysis, was
killed by a 1 hour exposure to 40 mp/lL TFM. Fresh-frozen ammocoetes from the
same river were used as controls.

Electrophoretic enzyme patterns were also compared between ammocoetes {(40-100-
nm), newly transformed adults (110-145 mm) and spawning adults (375-445 mm).
Ammocoetes were from the Nebagamon R., and the newly transformed adults were
from the St. John's River, New Brunswick. Spawning adults used in the analysis
were captured from the Brule R., Wisconsin.

The analysis of the genetic data followed the metheds outlined by Avise and
Felley (1979) and utilized inbreeding cocefficients known as F statistics
(Wright 1978). The fixation index F .. was calculated for each collection ()
at each locus () using Levele's (1926) correction for small sample size. The
mean fixation index per locus (F, ) was calculated according to the procedures
of Kirby (1975). The standardized genetic variance (F ) was calculated as
the ratio of the observed variance in allele frequencysEo the limiting wvalue
expected if the localities were completely isclated and fixed. The calcula=-
tion of F-statistics for the polyallelic PGI-2 locus utilized a "synthetic"
allele which represented the data from alleles 92 and 122 (see Eanes and

Koehn 1978 for further discussion). For this analysis a locus was considered
pelymorphic in a population if the frequency of the common allele did not
exceed 0.,99.



Tests for departures from Hardy-Weinberg expectations at a locus {(Jj)
used chil-square and were calculated as:
2 2

.. = F,.,7N.,
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where Nij represents the number of lampreys analyzed from collection 7 and
locus j.¥ The overall heterogeneity chi-square test between all collections
at a locus (f) was calculated as:

. . F
dJ J st

where N. 1s the total number of fish analyzed at a locus (j)., Other chi-
square Jtests of the genetic data followed that described by Snedecor and
Cochran (1967).

The calculations of average heterozygosity per locus and its standard

error were determined according to the procedures of Neli and Roychoudhury
(1974). Genetic distances (Rogers 1972) were calculated for all pairs of
collection locations based on the four polymorphic loci. The matrix of
genetlc distances was subjected to cluster analysis using the BMDP-1M pro-
gram (Dixon and Brown 1979). Geographic distances between sample locations
were measured as the shortest distances wvia lake shoreline. Environmental
data for the collection locations were provided by the U.S. Fish and Wildlife
Service and the Canada Department of Fisheries and Oceans. Spearman's rank
correlation coefficient (Conover 1971) was computed to examine the relation-
ships between genetic characteristics, geographical distance and environ-—
mental variables.

RESULTS AND DISCUSSION

This report proposes a pepulation structure for sea lampreys in Lake Superior
based on differences in allelic frequencies at allozyme loci among lampreys
from eighteen localities within the lake basin. The results of this study
may have application for developing more effective lamprey control strategies.

The invasion, coelponization, and population expansion of sea lampreys in Lake
Superior during the 1940s and 19505 temporally corresponded to sharp declines
in commercially important fish stocks, notably the lake trout (Salvelinus
namaycush) and the lake whitefish (Coregonus clupeaformis) (Smith 1968;
Lawrie and Rahrer 1972; Christie 1974; Pycha and King 1975). Much of this
decline has been attributed to the predatory nature of sea lamprey adults,
which cause mortality of prey fish through a process of attachment and feeding
with a circular suctorial mouth. This predatory phase extends for twelve to
twenty months until the adult lampreys move into tributary streams, spawn,
and die. Larval lampreys {ammocoetes) remaln in the tributaries for three to
eleven years or more before transformation and migration to the lake.

Electrophoretic studies on lamprey population structure in the Atlantic coastal
drainages and the Great Lakes have found the animals to be genetically distin-
guishable between widespread geographic localities. Brussard et al. (1981)
found genetic distinctiveness among lampreys collected from the Finger Lakes

of New York, Hudson River, Delaware River, Lake Ontario, and Lake Superior.




Krueger (1980) determined that statistically significant genetic differences
occurred among lampreys from lLake Superior, Oneida Lake, Lake Champlain, and
the Bay of Fundy at one or more of four polymorphic allozyme loci., The pre-
sent study was undertaken to determine whether genetically identifiable popu-
lations of sea lamprey have become established in Lake Superior. The geograph-
ical scope of this study is narrower than others since collections were taken
from the drainages of a single lake basin.

Ammocoete sea lamprey enzyme expressions were compared between animals killed
by exposure to TFM and those killed by freezing. This was necessary in order
to validate the electrophoresis of ammocoetes collected during normal lamprey
control and survey procedures. Gels were stained for ADA, AGP, AAT, G6PDH,
LDH, MDH, PEP, 6PGD, PGI, PGM, and 5DH. In every case, no differences were
observed in enzymatic expression between lamprey subjected to different modes
of killing. TFM does not appear to alter these enzymes in an electrophoretic-
ally detectable way. Ammocoetes, newly transformed adults, and spawning adults
were also compared for the same enzymes listed above. Similarly no difference
in enzymatic expression was observed. Uthe and Tsuyuki (1967) found that the
transformation process in sea lamprey electrophoretically affected blood pro-
teins but not general muscle proteins.

Genotypic frequemcies at the four polymorphic loci (AGP, MDH-1, PGI-2, and
PGM-1} within the samples from Lake Superior were close to Hardy-Weinberg
expectations; of sixty-four comparisons only three deviated significantly

(P < 0.05). The deviant comparisons occured at AGP in collections from the
Firesteel, Huron, and Nebagamon rivers. The fixation indices (F..) for these
three collections were all positive, indicating heteroZygote defitiencies and
suggesting that population substructuring may occur at these locations (Wahlund
1928). A trend towards heterozygote deficlency for the collections was indi-
cated by the positive values for the mean fixation index (Fiq) at each locus

(Table 1}.

Allelic frequencies among collections were, in general, most similar within
regions; the exception was the East Keweenaw region {Table ). Lamprey from
Washington Creek exhibited less genetic variability (i = 0.009) than the

other samples (average § = 0.051) and were unique in being fixed for the
common alleles at AGP and MDH-1 (Table 1).

The amount of genetic differentiation among collections relative to the
limiting amount under complete fixation (F } was computed for each polymor-
phic locus (Table 1). F can assume valués ranging from O (no differentia-
tion) to 1 (maximum diffggentiation). The F values at different loci in
this study varied between 0.02 to 0,06 with gtmean of 0.04, which suggests
some genetic differentiation between collections (Wright 1978). The F

values calculated for lampreys are generally higher than those observegtfor
bluegills (Lepomis macrochirus) within lakes in the southeastern United States
(Avise Felley 1979; Felley and Avise 1980) and lower than those observed for
Atlantic salmon (Salmo salar) from streams in Sweden (Stahl 1980}; (see review
of F _ values for other organisms in Selander and Kaufman 1975). The hetero~
gene?Ey chi-square values calculated from the F__values indicated that sig-
nificant genetic heterogeneity (P < .05) occurtéd at each locus among collec-
tions (Table 1; testing the null hypothesis that samples were drawn from a
common population). It may be argued that the Washington Creek collection,
with its reduced genetic variability, contributed solely to the large chi-
sqare values; however, highly significant differences (P < 0.005) remained

at MDH-1 and PGM-1 when the heterogeneity tests were recalculated without
these data. The above analysis indicates that a significant degree of popula-
tion structuring occurs among lampreys from Lake Superior.
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Genetic distances (Rogers 1972) were calculated between the sea lamprey
collections to analyze further the population structure within Lake Superior.
Cluster analysis of the genetic distances between the sca lamprey collections
suggested a reglonal localization of lamprey populations (Flg. 2). Samples
within reglons usually formed discrete clusters with the princlpal exception
being the East Keweenaw collections. At genet{c distanves less than 0.06,
five clusters were formed, representing collections from Nipigen, East
Superior, Marquette-Chequamegon, Duluth, and West Keweenaw-East Keweenaw—
Michipicoten.

Allelic frequencies and heterozygosities for each collection were compared to
gseveral environmental parameters (stream discharge, pil, total alkalinity,
average summer water temperatures) and to the sea lamprey control histories

of each locality. Using rank correlation coefficients, none of these variables
appeared related to the genetics of the lamprey populations. A low but sig-
nificant rank correlation did exist (R = 0.18, d.f. = 134, p < 0.05) between
genetic and geographic distances,

The genetic data presented suggested that muleiple populations of sea lampreys
exist within localized areas of the Lake Superior basin. Although significant
inter-region variability in allelic frequenciles was demonstrated, all alleles
were distributed throughout the lake basin and the degree of Inter-region
differentiation was small.

Deterministic and/or stochastic processes, exclusive of long term genetic
differentiation, could have resulted in the establishment of the genetic
heterogenelty observed among Lake Superior lampreys. Among the possible
mechanisms that may have functioned are founding errors at initial coloniza-
tion, transitory founding errors after chemical treatments, and selection.

Genetlc differences may have become established through founding errors

during Initial colonization and maintained by homing of spawning adults or
restricted dispersal away from natal areas. If this is the case, migration
and subsequent mating or genetic exchange between regions is apparcntly
1imited since it is unlikely that these differences would persist if lampreys
freely interbred within the Lake Superfor basin. Tagging studies in the Great
Lakes have shown that lampreys are capable of travelling long distances
(Applegate and Smith 1951; Smith and Elliot 1953; Moore et al. 1974). These
studies, however, have not addressed the question of whether or not spawning
runs ln streams are comprised of adult lampreys with an admixture of natal
origins. Recently, pheromones have been fmplicated as playing an important
role in sea lamprey migration and reproductive behavier (Tecter 1980¢). The
ability to detect trace quantities of chemlcal substances by spawning adults
could facilitate a homing behavior. Irrespective of the mechanism preventing
genetic exchange, the reduced genetic variability observed among lamprey from
Washington Creek (Table 1) provides evidence that lampreys have not freely
intermingled in Lake Superior., The invasion history of Washington Creek is
exceptional from that of other localities in that lampreys did not colonize
this stream until sometime in the early 1970s (personal communication, P.
Rugen and R. Schuldt, Fish and Wildlife Service, Marquette, MI). The probable
physical or ecclogical barriers that occurred in this instance to prevent
colonization and genetic exchange with other Lake Superior populations are
unknown; however, the invasion history and genetic data suggest that such
barriers existed., The weak correlative evidence between genetic and geographic
distance implies that isolation by distance (Wright 1943) may be a factor in
preventing panmixia in the lake basin.



Alternatively, it might be argued that the genetic differences observed
between sample sites are not stable attributes of populations but the tran-
sient results of founding errors from a general Lake Superior population re-
peated as often as each site is subjected to lamprey control treatments and
subsequent recolonization. In this case, lampreys in streams geopgraphically
proximate could exhibit substantial genetic differences. This would seem to
be a less likely explanation since genetic homogeneity occurred within each
of the regions studied. Further Investigations are planned to study the tem-
poral genetic variability among lampreys within a stream.

Selection is another possible mechanism that could be responsible for the
genetic hetercgenelty observed among lampreys. Inthe present study, no
correlative evidence was found between genetic variables and the few environ-
mental variables for which we had data. The strength of such correlative
analyses for the detection of selection, especially with so few variables,

is questionable (Lewontin 1974). We consider this process to be an unlikely
origin of the results observed.

We believe that the regional genetic patterns described argue in favor of the
existence of several populations in Lake Superior., If this is the case, then
the adoptlion of a stock concept approach to management could increase control
effectiveness. Control emphasis might then shift from individual streams to
population regions. Each of the streams located within a region, including
miner lamprey producers, would be chemically treated simultaneously. This
management approach should decrease the probability for recolonization if
adult dispersal from adjacent regions is limited. The prevention of passive
forms of lamprey movement would reduce such dispersal and enhance population
discreteness. It may even be wise to avoid planting fish species (e.g. Pacific
salmon} that are known to have extensive migratory habits and which could
serve as vectors for lamprey dispersal.
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