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Peripheral pepulations of eight species of freshwater bivalves {Unionidae) extending their
geographic ranges into Nova Scotia, Canada, were examined elecizophoretically to determine both
the extent of genetic variability within such populations, and whether the hypothesized pathway of
colonization across the Isthmus of Chignecto is reflected in patterny of genetic resemblance among
these populations, The Neva Scotian species examined could he separated into two groups based on
levels of observed heterozygosity and levels of variability in allele frequencies.

The first group is characterized by low levels of heterozygosity and polymerphism compared with
north-eastern American populations, and in the case of one species, Elliptiv complanata, considerable
variability in allele frequencies among populadons occurring in similar habitats in different
drainages. Populations of £ complanata from Nova Scotia can be differentiared from conspecific
populations on the southern Adantic Slope by possession of fast alleles at two lod, Muldvariate
analyses define subgroups within populations of £, complanate consistent with hypothesis that the
species invaded Nova Scotia by way of the Isthmus of Chignecto, and then split inte two groups,
one of which colonized Cape Breton to the north and the other of which colonized southern arcas of
the Provinee,

The second group of Nova Scotian species is characterized by little reduction in heterozygosity
and polymorphism compared with values observed among north-eastern American conspecifics or
congeners, little variability in allele frequencies from population o population, and little evidence
to suggest that these specics were dependent on the land bridge to invade the Province.

The type of dispersal is hypothesized to be responsible, in part, for these differences: larvae of
species in the first group rely on a parasitic attachment to fish with territorial habits limited to fresh
water, and are thus likely to invade new drainages separated by salt water by chance, in small
numbers, and in stepping-stone fashion. Species in the second group parasitize anadromous or
saltwater tolerant hosts, are likely o be introduced into new habitats in greater numbers and/or
receive greater amounts of gene fow subsequent to colonization, and seem less dependent on land-
bridges to colonize new habitats.
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INTRODUCTION

Novel genetic combinations that arise as a result of gene-frequency changes in
peripheral populations of a species remain central to theories on trans-specific
change (Templeton, 1980; Futuyma & Mayer, 1980; Jones, 1981). Nevertheless,
naturally-occurring peripheral populations {as opposed to insular populations}
remain rather poorly studied despite their potentiai for information on changes
in the frequences of alleles, levels of homozygosity, and degree of phenotypic
variability (Kat, 1982).

Periperal populations are defined here as those at the border of a species’
expanding geographic range. During range expansions, new populations can
become estabhished by a small number of founder individuals, with concomitant
changes in the levels of genetic variability observed in central populations. This
reduction can be proncunced during r&p}d range expansions, and depends on
such parameters as the vagility, dispersability, and mode of reproduction of the
species involved, as well as the size of the bottleneck and rate of population
growth subsequent to the founder event. Computer simulations have predicted
that the conditions under which a founder population can be expected to
exhibit reductiens in heterozygosity as well as a reduction of the number of
alternative alleles per locus are rather stringent (Nei, Marayama & Chakraborty,
1975). These stringent conditions, as well as other factors such as uncertainity as
to when and how the populations were established, and uncertainity as to how
and from where the populations were dispersed, perhaps account for the
contradictory results from the few investigations ‘of similar peripheral
populations, which either document little or no reduction in variability {Babbel
& Selander, 1974; Gottlieb, 1974; Lewontin, 1974; Levin, 1977, Ehrlich &
White, 1980}, or significant reductions {Avise & Selander, 1972; Schwaegerle &
Schaal, 1979; Fuller & Lester, 1980; Schumaker & Babbel, 1980; Hoagland, in
press). In all these cases, the possibility that changes in allele frequencies or
levels of heterozygosity were established by selective forces in possibly marginal
habitats, or resulted as a consequence of population size under the neutralist
theory {Kimura & Crow, 1964; Kimura & Obhta, 1971} cannot be ignored.

Consequently, the system and the species examined have o be selected with
care. Ireshwater bivalves of the family Unionidae are well suited for a study of
peripheral populations for a number of reasons. Unionids are sessile as adults,
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and rely on a short-term parasitic attachment to fish hosts for dispersal.
Distribution of a species by fish hosts might be unrestricted within a drainage
system, but restriction of hosts by saline or brackish water will limit dispersal
between drainages (Ortmann, 1913; Van der Schalie, 1945; Johnson, 1970).
Successful introduction of unionids into new habitats probably involves few
individual hosts. The rate and probability of successful colonization from a
refugium is likely to decrease as distances between drainages increase. Dispersal
probably involves a stepping stone model as discussed by Sepkoski & Rex
{1974). Introduction would either involve the geomorphic process of stream
capture or hest migration from river to river through brackish or saline water.

The effects of Wisconsinan glacial ice, which covered all of Canada and large
sections of the United States, still influence Holocene distributions of unionids.
Native unionid populations in the glaciated areas were in all probability
eliminated, although pockets of unglaciated land could have served as refugia
for cold- aéaptcd species (Baker, 1928; Clarke, 1973). Most northern Atlantic
Slope species, however, probably had their ranges restricted to refuges in the
temperate climates south of the maximal glacial advance. Post-glacial
meltwaters and the resulting confluence of drainages provided rapid means of
dispersal up the Mississippi~Missouri river systems, and there is evidence that
species of Anodonta and Lampsilis were present in previeusly glaciated regions of
Ontario more than 10000 years B.P. (Miller, Karrow & Kalas, 1979). In
contrast, rccolonization of the essentially parallel and unconnected Atlantic
Slope drainages has been relatively slow, considering that areas such as New
England could have been deglaciated as fong as 12500 years ago (Borns, 1973).
Sepkoski & Rex (1974) have demonstrated that species richness decreases
geometrically with distance from source areas, while Athearn & Clarke (1961)
have shown that recolonization of northern sections of the Atlantic Slope is still
in progress.

We hypothesize that unionid species dispersed northward from refugia south
of New England as glaciation subsided, and that colonization of Nova Scotia
resulted from taxa dispersing through New Brunswick across a narrow land
bridge (the Isthmus of Chignecto}, assuming that freshwater fish hosts have
limited capabilities of traversing saltwater barriers. This dispersal would have
occurred within the past 4000 years, since the land-bridge only recently
emerged as a result of isostatic rebound. The purpose of this study is to
determine whether patterns of genetic variation among unionid species found on
Nova Scotia substantiate this hypothesis when compared to north-eastern
American populations, congeneric species, and among themselves. Do
populations spreading out from the Isthmus of Chignecto demonstrate founder
effects such as one might expect of expanding or recently expanded peripheral
populations? Or do popuiaiions demonstrate a variety of alternative patterns
(e.g. little reduction in levels of hf,temfygoszty and polymorphism compared
with north-eastern American populations) which suggest that colonization of
the Province occurred via alternative pathways?

METHODS
Taxa studied

The species studied are listed in Appendix 1. Localities, ANSP {Academy of
Natural Sciences of Philadelphia) catalogue numbers, and numbers of
iy
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individuals electrophoresed are given. The number of populations studied
within a species as well as the number of individuals examined was determined
by the frequency of occurrence of the species in Nova Scotia: Elliptic complanata is
widespread and very abundant, and is therefore well represented in the samples,
while species such as Alesmidonta undulala, Lampsilis cariose, and L. echracea are
known from rather few localities, and have small populations. Southern
populations of Elliptio complanata from various locations along the northern
Adantic Slope used for comparative purposes were analysed by Davis ef al.
(1981) and by Kat {1983a) and are also listed in Appendix 1. The location of
the sample sites, exclusive of those in Davis et af. {1981}, is illustrated in Fig. 1.
All specimens were collected in Nova Scotia during August 1980. Within a
species, collection localities were chosen on the basis of accessibility of the site, as
well as overall similarity of habitat. For example, all Elliptio complanaia were
collected from lakes with rather uniform bottom characteristics: mixtures of
sand and small rocks. This reduces although does not rule out the possibility
that the genetic differences observed between populations were habitat-induced
rather than a reflection of genetic processes assoclated with colonization.
Individuals of the common species were selected at random from a large area.

Electrophoresis

Electrophoretic methods are similar to those described by Davis e al. (1981),
Horizontal starch gel electrophoresis was performed as described by Avala ef al.
(1973). Individuals were brought back from Nova Scotia alive, and maintained
in aquaria for at least three weeks before electrophoresis. Tissue samples were
cut from the foot and viscera and homogenized by sonication. Smali tabs of
Whatman # 3 filter paper were dipped in the homogenate, blotted, and applied
to the gel. The formulac of the gel buffers and those used in the electrode trays
are presented by Davis of al. {1981).

New Brunswick

as

g

56 60

Figure 1. Location of the sample sites in Nova Scotia and New Brunswick. The arrow indicates a
possible route of migration across the recently-formed land bridge at the Isthmus of Chignecte.
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Following electrophoresis, the gels were sliced and then stained for one of 12
enzymes which together encoded 14 loci- Lap, Mdh 1 and 11, Hex, Gpi, Pgm 1
and I, Mpi, 6Pad, Oct, Aat, Sod, G3pdh, and w-Gpdh. The compositions of the
agar overlays and tray solutions can be found in Davis ef af. {1981).

Data analysis

Allele frequencies were scored according to Ayala e al. (1973). At least four
control specimens of Elliptro complanata from Swartswood Lake, New Jersey
(ANSP 341949) were used on each gel to establish allele identity among
populations.

Nei's (1972) genetic distances were computer generated, and this matrix of
population relatedness was used i the multivariate analysis program NT-8YS
(Rohlf, Kishpaugh & Kirk, 1972). Muitidimensional scaling was performed to
maximize goodness-of-fit to the regression of genetic distance and distance in
three-dimensional space. Principal components analvsis was then applied to the
covariance matrix of the three-dimensional scaled distances followed by a
computation of a minimum spanning tree (MST) for cluster analysis (Gower &
Ross, 1969).

Allele frequences at six polymorphic loct of Ellptio complanata {Lap, Pem 1 and
11, Gpi, Mpi, and Hex} were compared using Fisher’s exact test, a non-
parametric statistical test to determine independence by pairwise comparisons.

RESULTS
Eiliptio complanata

Allele frequencies of the eight polymorphic loci for the Canadian populations
of Elliptio complanata are presented in Table 1. Table 2 lists values of Nei’s (1972)
genetic identity {f} and genetic distance (D) for all pairs of populations,
including four populations examined by Davis ef al. (1981), Their relationships
are depicted graphically in an ordination diagram presented as Fig. 2. Stress in
the multidimensional scaling (a statistic which measures goodness-of-fit of the
distances in the configuration space to the monotone function of the original
distances) after 32 iterations was 0.132. The cophenetic correlation (which
measures the amount of distortion in phenetic relationships due to reduction
from an N-dimensional space to a three-dimensional space) was 0.964. The first
two axes depicted in Fig. 2 account for 47.9 and 43.4%, of the variance,
respectively. A minimum spanning tree {MST; Gower & Ross, 1969) is shown
connecting all populations: it connects near neighbors in space and when
superimposed on a principal components plot reveals the extent of local
distortions. Hence populatens €13 and €12, which seem to lie in close
proximity, are not connected to ¢ach other by the MST but to Cl1, indicating
the importance of the third principal component in describing the position of
C11. Cluster analysis defines three major subdivisions within the Nova Scotian
Elliptio: a southern, northern {Cape Breton), and a central group.

When the ochrvcd allele frequcncms at several polymorphlc loci for each
population were compared by pairwise comparisons using Fisher’s exact test to
determine independence, the following patterns emerged (Table 3). Lap exhibits

11
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Figure 2. Multidimensional scaling of £lfiptio complanala populations based on Nei's {19721 genetic
distances. The magnified inset at left shows details of the central population group. All points are
shown linked by a minimum spanning tree. Populations outside Canada are shown as concentric
cirches, and were anakbysed by Davis o all (19811

significant differences in distribution of alleles between Canadian and north-
eastern American populations. In general, the northern populations possess a
greater number of fast alleles when compared to southern populations. Within
Nova Scotia, differences between populations seem almost randomly
distributed; there is no clear pattern which indicates groupings on a geographic
basis for this particular allele. A similar difference between Canadian and north-
eastern American populations is noted for Mpi, which also differentiates
berween subgroups in Nova Scotia. Hex and Pgm 1 only show consistently
significant differences between the CB population in Nova Scotia and all others
compared, since CB exhibits unique alleles at these loci (Tabie 1).

The summed number of alleles present in each Elliptio complanata population
at seven polymorphic loci (Lap, Pgm I and 11, Mpi, Gpi, Hex, and Mdh 1) is
presented in Fig. 3. Two enigmatic populations deserve mention; those of ME
and (8. The ME population contains two monomorphic loci among the seven
mentioned above, and consequently has a very low number of alleles for its
position within the geographic range. The C8 population, on the other hand,
has no monomorphic loci among the above seven, and the number of alieles at
these locl is among the highest observed for any population of E. complanata. This
was the only population examined which was sampled from a river instead of a
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Na. afleles

ME =16
MJ=21
DE =24
MDI=22
@ MDZ =20
PA =12

Figure 3. Number of alleles present at six polymorphic loci (Lap, Pgm T and 1, Mpi, Hex, and Gpi)
of Fifiptio compianata from Nova Scotia and morc southern sample sites. Position of the number of
alleles on the map corresponds to the sample sites.

lake, and it is possible that this habitat difference contributed to the observed
divergence from the other Nova Scotian populations.

Levels of heterozygosity and polymorphism for the various populations are
presented in Table 4, and levels of heterozygosity are depicted in Fig. 4.
Heterozygosity, and to a much lesser extent polymorphism, are below the levels
ol more southern populations: Nova Scotian populations exhibit an average
observed heterozygosity of 0.0604+0.011 and an average polymorphism of
0.42540.051, compared to an average observed heterozygosity of (.145 4+ 0.019
and a polymorphism of .482+0.106 for the more southern populations (Davis
ef al., 1981). Heterozygosity decreases further within Nova Scotia: central
populations exhibit an average observed heterozygosity of 0.069 4 0.009, while
populations at the southern end of the Province exhibit an average observed
heterozygosity of 0.048 4 0.006.

Lampsilis radiata

Allele frequencies of the seven polymorphic loci of the Canadian populations
of Lampsilis radiata are presented in Table 5. Table 6 lists values of Nei's genetic
identity I and distance D for all pairs of populations: their relationships are
depicted graphically in Fig. 5. Stress in muitidimensional scaling after 45
iterations was 0.036 and the cophenetic correlation was 0.99. The first two axes
in Fig. 5 account for 93.7 and 4.99, of the variance, respectively; thus there is
listle distortion evident in the MST, which defines a cluster formed by the
central Nova Scotian populations (C2, C9, and C7}; those from New Brunswick
{C1) and the northern part of the Isthmus of Chignecto (G3) are rather widely
separated.

Levels of heterozygosity and polymorphism for the populations examined are




MOLECULAR GENETICS OF BIVALVES 167

Tabie 4. Values of observed heterozygosity (H) and polymorphism (P) for the
species and populations studied

Elliptio complanata

€l c2 c3 C4 G5 a6 8 Co Gl Gi2 Ci3
i 0071 0.062 0065 0.058 0053 0055 0.084 0063 0.04F  0.051  0.054
P 0.428 0500 0.428 0428 0357 0357 0500 0300 0.428 0428 0498

Lampsilis radiata
Gl 2 c3 G7 8¢}

H 0041 0021 0037 0.004  0.006
r 0.357 0143 0337 0071 0.9214
Lampsilis vchracea
G5 G2
H G045 0.052
r 0.286 (1,286
Lampsilis caripsa
Ch
H 0,070
P 0.430

Anodonta cataracta fragilis
cz2 C4 G5
H 0.078 0085 0082
P 0214 0214 0214

Anodonta implicata
Ci <3 Cs

H 0.056  0.057  0.969
P 0.357  0.357  0.357
Alasmidonia undulala
8 Clo
H 0.0i1  0.015
r 0.071  0.071

listed in Table 4. Heterozygosity and polymorphism both decrease with distance
from the Isthmus of Chignecto, but the pattern is different from that observed in
Elliptio complanata.

Relationships within other taxa

The other taxa examined in this study, Anodonta implicata, A. cataracia fragilis,
Alasmidonta undulata, Lampsilis ochracea, and L. cariosa are represented by three,
three, two, two, and one population, respectively, and were thus not subjected
to multidimensional scaling. Levels of heterozygosity and polymorphism are
presented in Table 4. To determine relationships of these peripheral populations
to more southern populations or congeneric species, A.c. fragilis was compared
with A.c. cataracta populations from New Jersey; Nova Scotian L. ochracea with a
population from Lake Waccamaw, North Carolina; and Nova Scotian L. radiata
and A. mmplicala with populations from eastern Maryland as well as several
CONZENETIC species.

Anodonta cataracta fragilis was named by Clarke & Rick (1963) on the basis of
intermediacy of beak sculpture and shell shape between A.c. caiaracia from the
northern Atlantic Slope and 4. fragilis from Newfoundland. Electrophoretic
analyses reveal that A.c. cataracte from New Jersey only resembles d.¢. fragilis at
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Heterozygosity

&

south- @ + (@@

Figure 4. Levels of heterozygosity among Ganadian and more southern populations of Elliptio
complanata. The amount of the circle filled reprosents the level of heterorygosity muldplied by 100;
c.g. for H = 0.075, the circle is 759 filled. For actual levels of observed heterozygosity, see Table 4,
By this method, more southern populations have an average heterozygosity of 1459 isee rext),
depicted here as a full circle (100%) and onc flled to 45%. The arrow indicates the river
population of E. complanate {CB).

a level of 0,608+0.020, and examination of stomach structure (Kat, 1983b)
indicates that A.c. fragilis has a distinct affinity with the Eurasian A. ¢ygnea.
Anodonta calaracta fragilis could therefore represent a taxon with European
affinities which survived glaciation in a local refuge, and is presently colonizing

Table 5. Allele frequencies for Lampsilis radiata

Populations

Enzyme Allele (&2} 874 7 G <3
Lap 34 047 0.21 .03
32 (.92 0.53 1,00 0.75 0.67
39 0.08 0.04 (.30

Mdh 1 19 G.13
15 1.00 1.00 1.00 0.87 1.060

Hex 35 (.06
32 1.60 .00 1.00 0.94 1.00
Pom 1 i8 0.05 0.04 0.32
15 1.00 1.00 0.95 .87 0.63
13 0.09 (.05
Pam 1} 28 L.O0 100 1.0 0.94 .93
26 0.08 0.05
6 gd 4 0.96 1.00 1.08 1.00 0.90
2 0.04 0.10
G3pdh 11 0.13 .05
.05 0.19 0.35

7 0.95 100 140 0.68 0.60
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Table 6. Nei's genetic identity {/; above the diagonal) and
distance (D; below the diagonal) for Lampsilis radiata

Populations

ca G2 C7 &) C3
@it} - 0.986 0.999 0.991 0.979
G2 0014 - 0.984 0.987 0.967
C7 0.001 0.016 0.989 0.975
Cl 0.009 0.013 0.033 — 0.986
C3 0.021 0.033 0.025 0014 e

Nova Scotia from the north. It is possibly hybridizing with A.c. cataracta in the
Province, although this remains to be determined: unlike other authors {e.g.
Athearn & Clarke, 1961; Wiles, 1975} we found no individuals with an
unequivocal A.c. cataracta phenotype on Nova Scotia. Levels of heterozygosity
and polymorphism (A = 0.081 £0.004; P =0.237+0.041) for the populations
of A.c. fragilis examined are within the range characteristic of other Anodonta
(Kat, 1983b), and higher than those which characterize northeastern American
A.e. cataracta (f{ = 0.028+0.006; P = 0.113+0.039) {Davis, unpublished data).
Alele frequencies among Nova Scotian A.c. fragilis populations differ only to a
small extent. A similar pattern of overall homogeneity in allele frequencies and
levels of heterozygosity and polymorphism alse occurs in A. implicata, and this
species in fact exhibits the highest fevel of polymorphism among Anodonta thus
far examined (Kat, 1983b).

Lampsilis ocracea and L. cartosa are only known from a few localities on Nova
Scotia (Athearn & Clarke, 1961; Clarke & Rick, 1963), and arc thus only
represented by a small number of populations in this study. However, the
populations of L. ochracea exhibit similar allele frequencies and no reduction in
heterozygosity or polymorphism even when compared to populations at the
other extreme of the geographic range in North Carolina, and levels of
heterozygosity and polymorphism are well within the range typical of other
Lampsilis (Kat, 1983c). In fact, L. cariosa exhibits the highest level of
heterozygosity and the second highest level of polymorphism thus far
encountered among five species of Lampsilis {Kat, 1983). Thus, while

o
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Figure 5. Multidimensional scaling of Lampsilis radiate based on Nei's (1972) genete distances. All
points are shown linked by a minimum spanning tree.




170 P. W, KAT AND G. M. DAVIS

these species of Lampsilis and Anoedonta are represented by small sample sizes, the
patterns of resemblance among populations as well as levels of heterozygosity
and polymorphism exhibit distinct differences when compared to those
characteristic of L. radiate and Elliptio complanala from the Province.

Alasmidonta undulata has colonized the central region of Nova Scotia, but
population sizes remain rather small. This species has the lowest heterozygosity
observed among the species examined (H =0.013) and only exhibits
polymorphism at a single locus (Gpi). Interestingly, this species exhibits two
types of simultaneous hermaphroditism in Nova Scotia: scattered spermatogenic
regions within female follicles as well as well-defined oogenic and spermatogenic
gonadal regions. The former type is encountered among very low-density lake
populations, while the later type is observed among pure males and females in
higher-density river populations. In source areas such as Maryland and Virginia,
all populations thus far examined reproduce dioeciously (Kat, unpubl. data), Van
der Schalie {1970} also found no evidence of hermaphroditism in this species
{although his sample size was extremely small), but reported a similar
occurrence of scattered spermatogenic regions within female follicles for the
closely-related Interior Basin species A. marginata. Comparative electrophoretic
data from other Alasmidonta or southern populations of A. wndulata are not
currently available,

DISCUSSION
Limutations of the method

The use of sequential electrophoretic analyses, varied gel pore sizes and
concentrations, heat denaturation, and isoclectric [ocusing has recently
demonstrated that the standard electrophoretic methods used here will
underestimate variability, and may thereby underestimate levels of
heterozygosity and polymorphism (Coyne & Felton, 1977; Johnson, 1977,
Ramshaw, Coyne & Lewontin, 1979). However, as Davis ¢f al. (1981) point out,
data from standard methods are still of considerable value, mainly because of
the availabiity of comparative data critical to this study. The data published
here should thus be considered indicative of trends within these peripheral
populations rather than as indicative of fine-scale processes.

In addition, it is widely recognized that electrophoretic data can be indicative
of phenotypic rather than genotypic characters. For instance, Oxford (1975} has
shown that esterases in Cepaea nemoralis may be lood-induced, and Dillon &
Davis (1980) note that synthesis of Lap might be under environmental control in
Goniobasis proxima. It could therefore be argued that differences in these Nova
Scotian populations could be envirenmentally induced and hence the entire
pattern of geographic relationships spurious, depending only on similarity of
proximal habitats. Ideally, transplants of juveniles should be performed to test
these hypotheses, but trends in the data and precautions taken before
electrophoresis consitute strong circumstantial evidence that environmentally
induced differences play a minor role. First, geographic proximity has little to
do with electrophoretic similarity: while geographic subgroups are defined for
Elliptio complanata, relationships within  these subgroups are contrary to
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predictions based on geographic proximity. Second, ali pepulations were
maintained under identical conditions for at jeast three weeks before
electrophoresis, reducing the possibility of food and other environmentally
induced differences. Habitats sampled were as similar as possible.

Paiterns observed among peripheral populations

The eletrophoretic data {Tables I, 4, and 5) suggest the existence of two
groups among the per;pheral populamons of eight Nova Scotian unionid specu:s
The first group contains species which exhibit considerable reduction in
heterozygosity andfor the existence of fluctuations in allele frequencies and
novel allelic combinations and consists of Alasmidonta undulata, Lampsilis radiata,
and Elliptic complanata. The second group either shows no such trends, or shows
no evidence of such trends when data from congeneric species are compared.
This group consists of Anodonta implicata, A. cataracta fragilis, Lampsilis ochracea,
and L. cariosa.

Alasmidonia undulata falls within the first group. This species has the lowest
heterozygosity observed among the species examined (H = 0.013) and only
exhibits polymorphism at a single locus {Gpr). The observation of spermatogenic
regions within female follicles as well as separated male and female gonadal
regions within a single individual, and the completely dicecious central-range
populations indicate that members of this genus possess a wide variety of
reproductive modes, perhaps including self-fertilization. A similar reduction in
heterozygosity and polymorphism has been observed in other potentially self-
fertilizing molluscs and plants {Selander & Hudson, 1976; Hornbach ef al,, 1980;
McLeod & Sailstad, 1980; Shumaker & Babbel, 1980) Thls potential for self-
fertilization could have been instrumental in estalishment of this species’ wide
geographic range {North Carolina to Nova Scotia), although the existence of
wide-ranging dioecious species indicate that the method of reproduction is only
one of several variables important in range expansions.

Lampsilis radiata has attained a Nova Scotian distribution similar to that of
Alasmidonia  undulaia, yet the pattern of electrophoretic similarities among
populations of this species suggests that it could have been one of the first to
colonize the Province (see below}. Heterozygosity and polymorphism
progressively decrease with distance from the Isthmus of Chignecto, and one
population, C7, is almost completely homozygous (Table 3). Low
heterozygosity in L. radiata is almost entirely due to loss of rare alleles, and only
populations Cl and C3 exhibit moderate frequencies of these alternative alleles
(Table 5). Levels of hetcrozygosity for populations of L. radiata from Nova
Scotia  (H =0.0224+0.017) are considerably below those of northeastern
American populations (H = 0.059 4+ 0.007) (Kat, unpubl. data), congeners such
as L. ochracea (H = 0.048+0.005} and L. cariosa (H = 0.070) in the Province, L.
teres (H = 0.056) from Florida (Davis ef al., 1981}, L. splendide (H = 0.059) from
Georgia and the closely-related Lampsilis sp. from Lake Waccamaw (H = 0.039)
{Kat, 1983¢).

Within the first group, the clearest pattern emerges with an examination of
Ellptio complanata. Davis et al., (1981} conducted a survey of species of Elliptio
occurring from New Jersey to Florida, and noted that the E. complanata species
‘group’ is apparently of recent origin, appears to be actively radiating today,

i2
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and is characterized by considerable heterozygosity and polymorphism
(H=0.145+0.019 and P =0482+0.106 for K. complanaia). Nova Scotian
populations, on the other hand, especially those at the northern and southern
peripheries of the Province, are characterized by low heterozygosity and some
reduction in polymorphism resulting from loss or reduction in frequency of
alternadve alleles {Tables 1 and 4; H = 0.060+60.01] and P = 0.4354+0.051).
Peripheral populations, however, are far from consistent in expression of these
trends. Some populations exhibit increased frequencies of otherwise rare alleles
(e.g. Lap 42 and Pgm 11 34 in C6) while other lose them (e.g. Pom 11 34 in C5
and C12}, and some populations show high levels of heterozygosity at a single
locus when compared to other populations {e.g. Lap and Pgm I in C8).

This pattern of variability in allele frequencies at varicus loci among
peripheral populations contrast with the results of Highton & Webster (1976) for
salamander populations occurring in previously glaciated areas. In fact, these
salamanders exhibited the reverse relationship between variability of central
and periphcral populations noted here: populations that occur in previously
glaciated regions were found to be very uniform with respect to allele
frequences, while those that occur in unglaciated regions exhibited considerable
divergence. Highton & Webster (1976) also did not find the type of divergence
among peripheral salamander populdtlons which involves establishment of
unique alleles and/or allele frequencies as is the case among some E. complanata
peripheral populations (see below). Why these differences oceur is not entirely
clear, but can he explained to some extent by uncertainty as to pathways of
dispersion, and the existence of cryptic species and well-differentiated races
among salamanders from unglaciated regions {(e.g. Highton, 1980). In contrast,
Picrce & Mitton (1980) found evidence of similar genetic heterogeneity to that
noted for peripheral Elliptic  complanata among recently-established tiger
salamander populations, and postulated a combination of genetic drift and
founder effects to be responsible for such differentiation. Heterogeneity among
recently established populations was also noted by Brown & Marshall (1981)
and Harding & Barnes {1977) for some colonizing plant species, and could thus
be indicative of a common phenomenon among populations of polymorphic
species recently founded by few individuals.

Despite the fluctuation in allele frequencies among peripheral populations of
Elliptio complanata, Tig. 2 rveveals the existence of distinct trends in overall
relatedness among populations of the species. The MST defines northern,
central, and southern subgroups, and reveals that within a subgroup, genetic
distances between populations in peripheral subgroups are larger than those in
the more cohesive central group. Relationships between individual genetic
identity values (Table 2} indicate that E. complanata most likely colonized Nova
Scotia across the Isthmus of Chignecto and then split into two groups, one
colonizing Cape Breton to the north, and the other colonizing southern regions
of the Province. Average genetic identity values between Nova Scotian
populations (/= 0.966) are well within those suggested by Avise (1976) for
levels of difference between conspecific populations, but are rather low
compared to levels of similarity observed by Davis et al. (1981) for southern
populations (= 0.98 o 0.99).

One population of Elliptio complanata, that from C8, is quite different from
other Nova Scotian conspecifics in both levels of heterozygosity and aliele
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frequencies. In fact, the C8 population exhibits novel alleles for Lap, Hex, and
Pgm 1 (Table 1}. This population differs from all others in that it was collected
in a river instead of a lake, but whether this difference is due to fundamental
differences between river and lake environments remains to be determined. On
the other hand, this population only resembles other Nova Scotian populations
at a leve] of 0.912, which is well within the range indicated by Davis ¢/ al. (1981)
as characteristic of interspecific differences within the radiating genus Elliptio,
and could indicate an early stage of divergence of this population from others in
Nova Scotia.

Patterns of resemblance between populations of Elliptio complanata and those of
Lampsilis radiete differ somewhat, indicating that these species could have
colonized Nova Scotia via different pathways. Alternatively, these species may
have been introduced into the new habitats under different conditions of inital
colonizer population numbers, or different patterns of drainage connections.
The host fish of E. complanata is most frequently cited as Perca flavescens, the
yellow perch. Livingstone (1951} has shown that while this species occurs on the
Nova Scotian peninsula, it is not known from Cape Breton Island to the north.
Recently, Wiles (1973) demonstrated that E. complanate also parasitizes the
banded killifish, Fundulus diaphanus, a species which not oaly occurs on Cape
Breton Island, but has & wide distribution on the rest of Nova Scotia. Both fish,
however, are restricted to fresh water (Fowler, 1906; Mansueti, 1960; Hynes,
19703, and Livingstone (1951) surmises that colonization of Nova Scotla
occurred through the Isthmus of Chignecto. Patterns of resemblance among
populations of E. cemplanata substantiate this hypothesis. However, patterns of
resemblance among populations of L. radiata as defined by the MST indicate
that population C3 is distinct in this species, and is linked to population CI in
New Brunswick (Fig. 5). Since the outflow of (€3 drains into the
Northumberland Strait, a relationship to Cl {connected to the Bay of Fundy}
could only come about if these populations were established before the Isthmus
of Chignecto formed; L. radiata parasitizes a large number of fish species (Fuller,
1974), some of which are tolerant of saline conditions (Hynes, 1970). Evidence
for rapid range expansions by this species is provided by occurrence of subfossii
specimens from the Transitional (10000-6000 B.P.} and Nipissing (6000-4000
B.P.} stages in Ontario (Miller #f af., 1979}, It is difhicult, however, to reconcile 3
long-standing presence of L. radiata in the Province with its limited degree of
colonization; further studies of L. radiata populations are necessary to elucidate
these relationships.

The remaining four species examined (Anodonta implicata, A. cataracta fragilis,
Lampsilis cariosa, and L. ochracea) show little variability in levels of heterozygosity
and polymorphism, exhibit littfe variability in allele frequencies among widely-
separated populations in castern Canada, and in the cases of L. echracea and A.
implicata, populations from opposite range extremes. The type of dispersal of
these species also differs from that characteristic of the first group, and it is
hypothesized that this type of dispersal could affect both the size of the initial
founder population and subsequent rates of genetic exchange among demes,

Glochidia of Anodonia tmplicata are parasitic on the alewife, Alosa pseudoharengus,
an anadromous fish (Johnson, 1946). Consequently, this unionid occurs only in
habitats with a direct link to the ocean {Johnson, 1946}, and the tolerance of its
host to saline conditions probably facilitates inter-drainage dispersal.
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Colonization of new habitats by this species is presumably accomplished by a
relatively large number of individuals because of schooling behavior of the host.
Although their host fish are as yet unknown, a similar hypothesis can be
constructed for Lampsilis ochracea and L. cariosa, since they are similarly restricted
to habitats close to the ocean (Johnson, 1970). These species are additionally
characterized by a highly sporadic occurrence of populations in drainages
within their overall geographic ranges. For example, L. cariosa apparently occurs
at only one site in eastern Canada, the Sydney River drainage; L. ochracea is only
known from three widely separated sites in Nova Scotia, and A. implicata occurs
sporadically in the Province (Athearn & Clarke, 1961; Clarke & Rick, 1963; D.
Davis, Nova Scotia National Museum, pers. comm.). Without erecting a highly
complex hypothesis involving elimination of all or most intervening populations,
this pattern is highly suggestive of introduction by a saltwater-tolerant host
which can bypass drainages.

Examples of the high molecular genetic cohesion among populations of
species dispersed by such saltwater tolerant hosts are provided by the levels of
genetic similarity observed between populations of Lampsilis ockracea and
Anodonta implicata sampled from the northern and southern extremes of their
geographic ranges. A population of L. sehracea from Lake Waccamaw, North
Carolina, resembles Nova Scotian populations at a level of 0.954 4 0.009 (Kat,
1983), and Nova Scotian A. implicata resemble those from eastern Maryland at a
level of 0.968 4+ 0.014 (Kat, unpubl. data). This level of divergence is commonly
observed among populations of Elliptio complanata sampled from neighboring
drainages (see Table 2).

Founder events and effects

The probability that a fish host will introduce unionids into new habitats
depends on several factors.

Since production of glochidia is seasonal, and glochidia are only carried for a
period of a few weeks to a month (Lefevre & Curtis, 1910), introduction by fish
hosts can only occur during a restricted period of time. Chance events which
lead to introduction of fish hosts, if they do not occur during the limited time
during which they are infected with wunionid glochidia, will not result in
introduction of unionids. It is therefore not uncommon to encounter fish hosts
with larger geographic ranges than their unionid parasites (e.g. Clarke, 1973).

Frequency of infection by glochidia is poorly understood, but available studies
indicate that it is very low among natural fish populations (see summary by
Coker, 1921). Consequently, the probability that an infected fish host will be
among those introduced into a new habitat, if such a chance introduction were
to take place, is equally low,

Under laboratory conditions, fish hosts tolerate infection by about 2500
hooked glochidia (e.g. those of Anodonta) which attach mainly to fins, and about
900 unhooked glochidia (e.g. those of Elliptio) which attach mainly to gills
{(Lefevre & Curtis, 1910). Natural infections occur at a much lower frequency
(average of about 125 per host; see Coker ef al., 1921}, Mortality among both
pre-metamorphosed glochidia and juveniles is very high (Coker ef al., 1921),

Propagation of the unionid population depends on survival of the host in the
new habitat, and successful re-infection of these hosts.
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Considering these factors, we provide a model for unionid population growth
following an initial introduction into a new habitat {Appendix 2). In this model
we compare unionids to a hypothetical population of Drosophila, which is
regularly used in models of colonizing species. The model indicates that the rate
of unionid population growth can be extremely slow, and that even when
juveniles are introduced into virgin habitats in large numbers, none might
survive to reproductive age.

Given the probability that unionids might be introduced in small numbers,
and that population growth can be slow, Nei ¢t al, (1975) discussed two effects of
founder events important to this study. First, a reduction in heterozygosity
associated with establishment of a population by a small number of founders is
often substantial, and continues to decrease during initial generations with loss
of rare alleles due to genetic drift. Once reduced to a low level, an increase in
heterozygosity to original levels by mutation occurs at a rate roughly equal to
the reciprocal of the mutation rate per generation. For Nova Scotian unionids
with at most one generation per year, this rate could be extremely slow {on the
order of 10° years for a mutation rate of 107 % per locus per generation). The
amount of reduction in heterozygosity depends primarily on the number of
founding individuals, but as Nei e al. {1973) point out, with a slow rate of
population growth, the amount of reduction in heterozygosity can be substantial
even with a moderate number of founders. This decrease is observed among the
Nova Scotian populations of Elliptio complanata, for example. Second, founders
can only introduce a small amount of the total genetic variability, so that the
loss of alleles in the first generation can be drastic if the number of founders is
small. Nei et al. (1975) mention, however, that the average number of alleles per
focus increases faster than the level of heterozygosity once population size is
restored. Since population sizes of E. complanata in Nova Scotia do not differ
substantially from other populations sampled from central geographic range
locations, much difference between the number of alleles present in these Nova
Scotian populations would not be expected. In fact, Nova Scotian E. complanata
average 18.0+42.3 alleles for seven polymorphic loci while southern populations
average 20.3+2.7 alleles; the difference only becomes statistically significant
(F, ;= 1165, P<0.01)} when only those populations at the northern and
southern extremes of the Province (which hypothetically represent the youngest
populations and thus possess fewer alleles; see Fig. 3) are compared with north-
eastern American populations,

While there seems to be strong evidence of the importance of founder effects
on levels of heterozygosity in peripheral populations of Eilliptio complanata, it is
uncertain to what extent allele frequencies are affected by founder events since
the relative contribution of selective factors and chance factors to such allele
frequencies cannot be determined. Using a large-scale comparison, it seems that
fast alleles at loci which code for variable-substrate enzymes (Sarich, 1977) such
as Lap and Gpi are more common in Nova Scotia than among north-eastern
American populations of F. complanata, which could indicate differences in
selective regimes, However, a recent study of E. complanata from Delaware and
Maryland indicates that populations from north-eastern Maryland possess close
affinities to those from Nova Scotia in electrophoretic as well as morphological
characters, while those from south-eastern Maryland and Delaware are highly
similar to populations from Virginia and North Carolina; thus these differences
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in alleles could well indicate racial rather than selective differences: there is no a
friori reason to postulate that selective regimes between Nova Scotia and north-
eastern Maryland (separated by more than 1000 km) should be more similar
than selective regimes between north-eastern and south-eastern Maryland
(separated by less than 75 km) (Kat, 1983a). Similarly, there is no evidence of
variability of thermally variable enzymes such as a-Gpdh (Johnson, 1976) when
north-eastern American and Canadian populations are compared. Comparison
of individual £. complanata populations of Nova Scotia, however, reveals
considerable heterogeneities in allele frequencies at several locl. If these
differences were the result of differences in selective regime experienced by these
populations, it would require erection of a highly complex patchwork of
differentially operating selective forces, which given the overall similarity and
geographic proximity of habitats, seems inapplicable. Interestingly, a similar
pattern of fluctuation in allele frequencies has been noted in isolated populations
of wingless water striders (Zera, 1981}, cave fish (Avise & Selander, 1972), and
cave beetles (Laing, Cormandy & Peck, 1976), in which limited dispersal
capabilities and small founder populations were thought to contribute to the
observed patterns. In contrast, Zera (1981} found no such fluctuation in allele
frequencies among winged water striders occuring in the same habitats as the
wingless variety; these winged species were hypothesized to disperse more easily
and colonize in larger numbers than their wingless congeners.

Variability in allele frequences among populations was not consistently
observed for all unionid species in Nova Scotia; Lampsilits ochracea, Anodonta
implicata, and A. calaracta fragilis are not characterized by such variability, and
L. cariosa does not appear to exhibit substantial loss of heterozygosity. Several
non-inclusive hypotheses can account for this difference.

These species do not perceive differences in their environment in the same
fashion as Elliptio complanata, and thus do not respond to the same selective
factors which might have caused variability among populations of E. complanata.
These species would thus possess a “‘general purpose genotype” (Selander &
Hudson, 1976) and perceive their environment in a “fine grained” fashion
(Valentine, 1976}, resulting in a rather small number of adaptive alleles, The
data, however, do not support with this particular hypothesis. For example, L.
cariosa is one of the most heterozygous species among Lampsilis thus far examined
(Kat, 1983c), 4. implicata exhibits the highest level of polymorphism among
Ancdonta thus far examined (Kat, 1983b), and all three species exhibit higher
levels of heterozygosity and polymorphism than do species which possess the
“‘general purpose genotype” (e.g. Selander & Kaufman, 1973; Selander &
Hudson, 1976; Smith et ol., 1979; Halliday, 1981). Nevertheless, the possibility
remains that . complanata perceives its environment as very ‘coarse grained’.

Lampsilis ochracea, L. cariosa, A. tmplicata, and A.c. fragilis do not exhibit the
same degree of polymorphism at the loci surveyed that E. complanata does, but
variability could be equally great if more loci were surveyed, or if more sensitive
techniques were used. For example, the apparently monomeorphic locus Sod ex-
hibits considerable polymorphism for 4. implicata when run at pH 8 instead of pH 9.

Since at least L. ochracea, A. implicate, and L. cariosa parasitize anadromous or
salt-tolerant hosts, they are more likely to colonize new habitats in greater
numbers and/or receive greater amounts of subsequent gene flow than unionids
like E. complanate which parasitize territorial and freshwater hosts. In the
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absence of strong divergent selection, unionids with saltwater tolerant hosts will
therefore show higher levels of resemblance among widely separated populations
than will the more isolated unionids that parasitize hosts limited to fresh water.

We suspect that all three hypotheses contribute to the observed pattern, but
stress the importance of the last.

The hypothesis that host dispersal capability affects levels of genetic
resemblance among populations of a species along a geographic range is
testable. Most Atlantic Slope unionids appear to be expanding their geographic
ranges in respense to post-Wisconsinan climatic amelioration, and while there
exists widespread ignorance as to the identity of potential fish hosts for most
unionids, such hosts have been recognized for a number of common species with
relatively large geographic ranges (e.g. Fuller, 1974). Widely-separated
populations of such species could be examined electrophoretically to determine
if’ the proposed hypothesis is sound, or if other hypotheses apply.

SUMMARY

Our data indicate that dispersing unionid species colonized Nova Scotia via a
more complex series of pathways than the initially hypothesized simple invasion
across a land-bridge. We recognize four distinct categories of species or species
groups characterized by differences in hypothesized avenues of colonization:

(a) Alasmidonta undulata and Elliptio complanata, for which patterns of
resemblance among populations Indicate colonization by way of the Isthmus of
Chignecto;

(b} Anodonta implicata, Lampsilis ochracea, and L. cariosa which either possess or
have been implicated to possess andromous or saltwater-tolerant hosts and which
could have colonized the Province via oceanic routes possibly before the land-
bridge was formied;

(¢} Lampsilis radiata, which shows evidence ol colenization of Nova Scotia
before the Isthmus of Chignecto was formed and subsequent recolonization
across this land bridge;

(d) Anodonta calaracta fragilts {and presumably Margaritifera margaritifera of the
family Margaritiferidae) which might have survived glaciation in a local refuge,
and which are now expanding their ranges scuthward into Nova Scotia.

Accordingly, founder effects such as reductions in heterozygosity and
variability in allele frequencies from population to population in similar habitats
are not observed to the same extent for all species examined. While differences
in perception of selective regime among species occurring in these habitats
cannot be ruled out, the means of colonization could be primarily responsible
for the presence of such variability: habitats which are isolated for species which
parasitize strictly freshwater hosts are hypothesized to be much less so for species
which parasitize saltwater-tolerant or anadromous hosts. Species in the latter
category could consequently colonize such habitats in greater initial numbers
and/or receive greater amounts of subsequent gene {low,
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APPENDIX I TAXA STUDIED

Classification, ANSP catalog numbers, and collection localities of populations
studied. N = number of individuals electrophoresed. Unless otherwise noted, all
localities from Nova Scotia, Canada; refer to Figure 1 for focation of stations
(Gl = Canadian Station |, etc.).

Unionidae
Anodontinae

Anodonta cataracta fragilis

1. ANSP 354362; N = 20. First Lake O Law (C4), ¢. 25 km NW Baddeck,
Victoria Co.

2, ANSP 354564; N = 20. Shaw Lake (C6), ¢. 5km NNE Arichat, Isle
Madame, Richmond Co.

3. ANSP 254566; N =20. Newville Lake ((2), Halfway River East,
Cumberland Co.

Anodonta implicata

1. ANSP 354582; N = 20. French Lake (Cl) at Sunbury-Oromocto State
Park, ¢. 10 km S Oromocto, Sunbury Co., New Brunswick.

2. ANSP 356702; N = 20. Sydney River (C5), Blachette Lake, ¢. 6 km SW
Sydney, Cape Breton Co.

3. ANSP 354374; N = 20. Shubenacadie Grand Lake (C9), Grand Lake,
Hablfax Co.

Alasmidonta undulata

1. ANSP 354559; N = 15. Kennetcook River (C10), Riverside Corner, Hants
Co.
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2. ANSY 354575; N = 20. Nine Mile River (CB), Elmsdale, Hants Co.

Ambleminae
Lampsilini

1.

2.

ANSP 354583;

ANSP 354572

3. ANSP 354360,

4.

5.

1.

2.

1. ANSP 354571;

ANSP 354577,

ANSP 354367,

ANSP 354579

ANSP 354570:

Pleurobemini

~I

. ANSP 354581;
. ANSP 354578;
. ANSP 354573;
. ANSP 354568;
. ANSP 354580;
. ANSP 354565;

. ANSP 354576;
. ANSP 354569,

Lampsilis radiata

Park, ¢. 10km S Oromocto, Sunbury Co., New Brunswick.
N = 20. Shubenacadie Grand Lake (C9), Grand Lake,
Halifax Co.

N =20, Lake Egmont (C7), ¢. 3km S Cooks Brook,
Halifax Co.

N = 20. Mattatall Lake (€3}, ¢. 6 km E Wentworth Centre,
Cumberland Co.

N =120, Newville Lake (C2), Halfway River East,
Cumberland Co.

Lampsilis ochracea

N = 10. Placide Lake (C12), ¢. 1 km SW Havelock, Digby
Co.

N = 15, Sydney River (C5}, Blachette Lake, ¢. 6 kmm SW
Sydney, Cape Breton Co.

Lampsilis caricsa

N =10, Sydney River (C5}, Blachette Lake, ¢. 6 km SW
Sydney, Cape Breton Co.

Elhptio complanata

N =20, French Lake {Gl} at Sunbury Oromocto State
Park, ¢. 1€k S5 Oromocto, Sunbhury Co., New Brunswick.

N = 20. Mattatall Lake {C3), ¢. 6 ki E Wentworth Centre,
Cumberland Co.

N = 20. Shubenacadie Grand Lake (C9), Grand Lake,
Halifax Co.

N =120, Newville ILake (C2), Halfway River East,
Cumberland Co.

N = 20. Placide Lake {C12), ¢. | km SW Havelock, Dighy
Co.

N=20. Shaw Lake (C6), ¢ 5km NNE Arichat, Isle
Madame, Richmond Co.

N = 20. Nine Mile River {C8), Elmsdale, Hants Co.

N =120, Sydney River (G5}, Blachette Lake, ¢. 6 km SW
Sydney, Cape Breton Co.
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9. ANSP 354563; N = 20. First Lake O Law (C4), ¢. 25 km NW Baddeck,
Victoria Co.

10. ANSP 354561; N = 20. Nowlans Lake (Cl11), Havelock, Digby Co.

I1. ANSP 354558; N =20. Lac A Pic (Cl3), ¢ 1km E Springhaven,
Yarmouth Co.

12. ANSP 3530069; N = 25. Susquehanna  River,  Cumberland  Co.
Pennsylvania, U.S.A.

13. ANSP 349150; & = 25. Kennebee River, Somerset Co. Maine.

14. ANSP 349333; N = 25, Nanticoke River, Sussex Co. Delaware.

15. ANSP 345056; N = 25. Sassafras River, Kent Co., Maryland.

APPENDIX 2. POPULATION GROWTH RATE AMONG INTRODUCED UNIONIDS

According to Nei of al. (1975}, the rate of population growth following a
bottleneck is a critical determinant of how much heterozygosity will be lost in a
newly-established population initiated by a few founder individuals. In order to
determine rate of population growth among unionids, a hypothetical model of
such growth was constructed which incorporates actual life-history data
gathered by Lefevre and Curts (1910), Coker {1921}, and Coker & al. {1921).
In this model, unionids are compared with a hypothetical insect species with
five generations per year, such as is encountered among some Drosophila, an
insect frequently studied in colonization experiments. The model was
constructed with the following assumptions:

(1) Fish hosts carry about 300 glochidia parasitic on gills per individual. A
higher level of infection can induce mortality among the fish, and this level of
infection was considered maximal by Lefevre & Curtis (1910) for natural
populations. Actual levels of infection calculated from 3671 fish of 46 species
averaged roughly 125 glochidia per individual fish (range—1-416) (Coker ¢/ al.,
1921). The higher number is used in the model.

(2) Coker et al. (1921) stress that infection of the fish host by glochidia is a
matter of chance. Glochidia will die if they do not attach to the fish host soon
alter release from the maternal individual, and will not complete metamorphosis
unless they attach to one of a very limited number of suitable hosts. These
rather stringent conditions seem to contrast with a very low level of selectivity
among the glochidia: both Coker (1921} and personal observations indicate that
glochidia will attach to almost any substratum, including slivers of wood. Coker
et al. {1921) mention that less than 3%, of the 3671 fish examined were infected
with glochidia. In the model an artificially high number of fish (20) was chosen
to carry glochidia into the new habitat, which, according to the frequencies
observed by Coker et al. {1921), would represent a total introduction of roughly
700 fish into the new habitat. An identical number of insects form their founder
population,

{3) High mortality is associated with the first year class in the model, after
which mortality decreases slowly. When juveniles complete metamorphosis
(after a period of 1-3 weeks according to Coker et al., 1921} and drop off the
fish, they are no more than 2-3 mm in length, and are susceptible to predation
by a diverse group of animals (e.g. turbellarians, chaetopods, crayfish, insects,
fish, turtles, birds, etc.) as well as other types of mortality {Coker ¢t al., 19213, In
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carefully controlled culture conditions, Coker (1921) and Coker et al. (1921)
were able to achieve about 109 survival of the first year class. This level of
survival is incorporated in the model, and increases by 109, for each successive
year class. Identical rates of mortality were imposed on the insect for
comparative purposes.

(4) The numbers of glochidia produced by females in natural populations
vary considerably with size of the individuals and from species of species. Coker
et al. (1921) observed a range of 75000 large glochidia to 3000000 small
glochidia for females of different species. In the model, it is assumed that 4000
glochidia per female will survive to the initial juvenile stage. Again, this number
is probably highly exaggerated; frequency of attachment of glochidia per female
to the proper fish host is extremely low (Coker, 1921; Coker et al., 1921), and
only 25%, of those which attach survive to metamorphosis under carefully
controlled laboratory conditions (Coker, 1921). The hypothetical insect was
arbitrarily assigned 200 offspring per reproductive event, an average number
according to Frost (1959,

(3} The hypothetical unionid does not begin reproducing until its fifth vear
{range among unionids: 2-8 years according to Coker ef al., 1921), reproduces
once per year, and reproduces six times before dying. Average lifespan for
unionids is not known, and probably wvaries tremendously from habitat to
habitat. To counter the effects of a possibly shorter-than-average lifespan in the
model, females were assigned an extremely high reproductive rate of 9000
females/fernale. The hypothetical insect reproduces after two months, and lives
one year,

{6) An unlimited number of fish hosts 1s present subsequent to colonization,
femmales do not have to compete for hosts. Actual data (Coker et al., 1921)
indicate that fish hosts acquire immunity to glochidial infection; and this could
be an important limiting factor for colonizing unionids, which conceivably have
to rely on the limited number of concurrently introduced hosts several times in
order to reproduce successtully, This limitation is ignored in the model.

When these assumptions, a life-history table was constructed for the unionid
(Table Al) and the insect (Table A2}, and growth of the unionid population is
followed for 20 years. It becomes apparent that unionid populations grow very
slowly: after 20 years with a net reproductive rate (R} of 9000 females/female,
92 adult females are present and 186 279 juvenile females, 90%, of which are in
the highest-mortality age class. The rapidly reproducing insect population can
form a population of comparable size in less than two years. Since mortality
rates among juvenile unionids are probably much higher in nature than here
assumed (Fuller, 1974}, it becomes apparent that even when juveniles are
introduced into a habitat in large numbers, none might survive to marurity.
Also once a large number of adults become established in a population, it is
concelvable that the number of non-immune fish hosts could become limiting to
further population growth. In the model, 920 fish carrying 500 glochidia each
are required o serve as hosts for the 92 aduit females present in the population
in year 20 of population growth; such host densities might not be encountered in
the area of introduction during the initial reproductive seasons of the unionids.
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Table A2, Life-history table {for a hypothetical insect population

Age {in ffths) 1 2 3 4 3 &
LF 0.1 9.2 0.3 0.4 0.5 0
il 9 100 160 160 100 0
Aget (in fifths) G i 2 3 4 3 6
Year {in fifths)}

0 5000

1 500

2 OO0 100

3 3000 1000 30

4 21200 300 200 2

5 12600 2120 60 60 6

6 44600 1260 424 18 24 0

7 39600 4460 252 127 7 10

il 106 100 3960 932 75 50 4 0

g 112760 10610 792 280 30 25 ]

10 248700 11270 2122 238 Liz 13 0

*1,, Fraction of females surviving to each age from previous cohorts,

**m,, Average number of female offspring produced per female at each age.

TAge, age of the individuals In cach cohort.

TYear, number of years the population has been established. Since the lifespan of each insect was limited to
one year, the years are here broken up into fifths.

The vertical line indicates the division between juveniles to the left and adult females to the right.







