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ABSTRACT

Retreat of the Wisconsinan glaciers and expansion of unionid geographic ranges has resulted
in re-establishment of contact between Interior Basin and northern Aflantic Slope species
isolated by the Appalachian Mountains at the height of glaciation. One suture zone between
these faunas occurs in the area around Lake Champlain, and molecular genetic, anatomical, and
shell microsiructural data indicate hybridization between species of Anodonta and Lampsilis.
Additionally, introgression appears to ocour over a wide geographic area. Elliptio poputations
around Lake Champlain exhibit no evidence of hybridization, but form a Jocally differentiated
group when compared to northern Atlantic Slope E. complanata. Hybsid Anodonta and {.ampsilis
poputations contain variant afleles not found among parental species. Probability of hybridization
is proposed 0 be best predicted by similarity of glochidial hosts between unionid species, not
necessarily by levels of electrophoretically determined genetic differentiation. Taxonomic impli-

cations of the data are discussed.
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INTRODUCTION

Hybrid zones have long been of special
interest to evolutionary biclogists. Introgress-
ive hybridization (Anderson, 1949) can poten-
tially enhance the level of genetic variation
and thus the evolutionary flexibility of popula-
tions. For instance, Sage & Selander {1979)
and Hunt & Selander (1973) observed in-
creased levels of heterozygosity as well as
unique alleles in hybrid populations of frogs
and mice. Such unigue alleles have been
proposed to arise through increased mutation
rates among hybrid populations {Thompson &
Woodruff, 1978}, or through intragenic recom-
bination between the different parental alleles
(Wwatt, 1972). Also, Anderson & Stebbins
{1954) have proposed that hybridization can
trigger episodes of innovative diversification,
and certain species of plants are known to
have had a hybrid origin (Grant, 1966; Lewis,
1966; Gallez & Gottlieb, 1982).

Hybrid zones are often established by
changes in distribution of one or both of the
taxa involved. Geographic ranges of all North
American unionids have probably fluctuated
to some extent during the repeated Quater-
nary glacial episodes, but such fluctuations
are best documented for species of the north-

ern Interior Basin and Atlantic Slope faunas
(Simpson, 1896; Ortmann, 1913; Baker,
1920; Johnson, 1970, 1980; Clarke, 1973;
Kat, 1982, 1983a, b, ¢; Smith, 1982; Kat &
Davis, 1984}). For example, fossil evidence
has indicated that populations of at least three
fntarior Basin species were present on the
Atlantic Slope about 200,000 years ago, but
were subsequently eliminated by glaciers
(Kat, 1883b}. Contact between these faunas
has recently been re-established by migration
out of Wisconsinan refugia. One such suture
zone (Remington, 1968) is located in the area
around Lake Champlain. This lake has had a
varied postgiacial history including a saltwater
phase and connections to both Interior Basin
and Atlantic Stope drainages (Simpson, 1896;
Clarke & Berg, 1959; Elson, 1969; Johnson,
1980; Smith, 1982). As a consequence of
these historic connections and/or a more re-
cent immigration route {via the Erie Canal
system, which links Lake Erie, Lake Cham-
plain, and the Hudson River), Lake Cham-
plain and surrounding drainages contain spe-
cies of both faunal regions (Smith, 1883). This
area thus provides a natural experiment to
determine the degree of genetic interaction
between various members of these previousty
isolated faunas.
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Study of hybridization between Interior Ba-
sin and Allantic Slope unionid species is of
special interest for two reasons. First, because
of patterns of Wisconsinan giaciation and the
location of the hybrid zone, there is little
ancertainity about its origin. This hybrid zone
represents a postglacial secondary contact
between taxa that existed in allopatry at the
height of giaciation, and therefore can not be
explained as differentiation within a continuous
series of populations {Endier, 1977; White,
1978). Second, the Lake Champlain fauna
allows study of the degree of interaction
between speciesbelonging tolineagesthatare
diversifying at different rates, hetween species
that differ in observed lavels of heterozygosity
and polymorphism, and between species that
exhibit various levels of genetic differentiation.

Also included in this study is a genstic and
morphelogical analysis of Anodonta “calar-
acta” fragilis. This taxcen was thought by Clarke
& Rick (1963) o represent an intergrade
between A. fragilis from Newfoundland and
northern Atlantic Slope A. cataracta. Previous
studies, however, have indicated that Nova
Scotian A. “c.” fragilis are genetically distinct
from A. cataracta, and that the taxon is more
ciosely related to European than North Amer-
ican anodontines (Kat, 1983d, e; Kat & Davis,
1984). The taxonomic status of anodontines
that resembie A. fragilis but occur outside
Newtoundiand is therefore still uncertain.

METHODS

Populations analysed in this study were
collected from Lake Champlain and adiacent
areas, as well as the Delmarva Peninsula,
Nova Scotia, Michigan, and Wisconsin, The
bivalves were maintained in aguaria for at
least two weeks. Four individuals from each
population were then relaxed (sodium nembu-
tal) and fixed (10% formalin) in preparation for
dissection. The remaining 20-25 individuals
had weadges of lissue remaoved from the foot
and viscera and these tissue samples were
either homogenized and electrophoresed im-
mediately or stored at -20° C tor 1ater analysis.

Starch-ge! electrophoresis has been used
with good success in & series of taxonomic
analyses of the Unionidae (Davis ef af., 1981;
Davis, 1983, 1984, Kat, 1983a, ¢, d; Kat &
Davis, 1984). Methods for electrophoresis
and enzyme staining were generally simifar to
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those of Davis ef al. (1981), and 15 loci of
which at least eight were polymorphic among
species were scored using the methods of
Ayaia et al. (1973). Nei's (1972) genetic dis-
tances were computer generated using a pro-
gram written by Green (1878). This genetic
distance matrix was then used in the mult-
ivariate analysis program NT-SYS (Rohit et
al., 1972), Muitidimensional scaling maxi-
mized goodness-of-fit of the regression of ge-
netic distance and distance in three-dimen-
sional space, and a minimum spanning tree
was derived from these adjusted distances.
The minimum spanning {ree summarizes tax-
onomic relationships since distances between
closely related taxonomic units are small,
whereas those between distantly related tax-
onomic units are iarge. Distance between tax-
onomic units is here defined as a function of
the observed Nei distances. Such multivariate
analyses are especially useful in efucidation
of relationships among taxa such as Elliptio
that exhibit considerable polymorphism at a
number of loci.

Fine detait of unionid stomach anatomy can
be used as a taxonomic tool at a variety of
taxonoric levels (Kat, 1983a, ¢, d). Tech-
niques for dissection and illustration are dis-
cussed in Kat (1883d}. Four individuals from
each population were dissected and photo-
graphed to determine levels of intrapopulation
variability.

Microstructure of conchiolin layers within
the shell was examined with a scanning elec-
tron microscope. Previous studies (Kat,
1983a, e) reveal that the conchiofin layer is
divisible into three distinct regions, of which
the central, reticulate regicn in particular con-
tains species-specific characters. in the past,
patterns of resemblance among unionid taxa
based on conchiofin layer microstructure have
been highly compatible with patterns of re-
semblance suggested by electrophoretic
data, and conchiolin layer microstructure was
successfully used to discriminate among two
races of Eliiptio complanata and their hybrids
{Kat, 1983a). Techniques for conchiolin tayer
preparation and microscopy are detailed in
Kat (1983e).

RESULTS
A. Molecutar genetics

Distributions of alleles among loci that best
discriminate species of Anodonta and Lamps-
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TABLE 1. Distribution of alleles among foci of Anedonta examined in this study. Loci that do not discriminate

among species are not included.

Species
A. grandis x
Enzyme Allele A. cataracta cataracta A. grandis A, fragifis
PGM | 24 1.00 26 05
22 74 .85
20 1.00
PGM i 3z .29
31 1.00
30 1.00 71
28 1.00
AP 34 35
32 .52 65
30 1.00 48
28 1.00
MDH 1 18 50
15 1.00 1.00 1.00
13 50
MDH i -~ 9 .35 .55
------ 11 1.00 65 45 1.00
HEX 34 .20 20
31 1.00 72 80 1.00
28 .08
MPI 28 1.00 .65
23 G to .15
20 33 to 48 .35 .85 1o 1.00
18 .52 to .67
ODH 15 81 72
9 1.00
G 1.00 .39 .28

ifis are presented in Tables 1 and 2. Similar
data are not presented for populations of El-
liptio because Elliptio dilatata from Wisconsin
appears to possess only two relatively rare
alleles not present among Atlantic Slope E.
complanata examined to date: MDH | 14 and
HEX 34. Also, the number of populations ex-
amined and the high levels of polymorphism
characteristic of Ellipfic would require a table
of excessive proportions.

It is clear from Table 1 that the Anodonia
population in Lake Champlain shares alieles
characteristic of both Atlantic Slope A. catar-
acta and Interior Basin A. grandis. However,
the Lake Champlain population also pos-
sesses alleles not present in either parental
species (HEX 28 and PGM 11 32), and is fixed

for MPI 26. Qver 15 loci examined, A. catar-
acta possesses 17 alleles, A. grandis 22, and
A. cataraclta x grandis 24: A. grandis shares
13 alleles with A. cataracta and 18 alleles with
A, calaracta x grandis, while A calaracta
shares 14 alieles with A. cataracta x grandis.
A. “calaracta” fragilis, however, is quite dif-
ferent from both A. cataracta and A. grandis.
A. "c.” fragilis has 18 alleles at the loci exam-
ired of which it shares 10 with A. cafaracta
and A. grandis. There is no evidence from
electrophoresis to suggest any genelic ex-
change between A. cataracta and A. fragilis.

Table 2 presents allele freguencies for nine
loci at which Aflantic Siope Lampsilis radiata
differ from Interior Basin L. sifiquoidea. Again,
there is good evidence to support a hybrid
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TABLE 2. Distribution of alieles among loci of Lampsifis examined in this study. Loci that do not discriminate

among the parental species are not included.

Species
L. radiata x
Enzyme Adlele L. radiata siliguoidea L. siligucidea
GPI 16 1.00 .80 45
10 A0 55
PGM | 18 0to .34 .20
16 62 to 1.00 92 80
14 08
12 .04 10 .20
PGM Ii 30 05 45
28 B5 to 1.00 .95 55
26 0510 .15
LAP 34 03 to 47 a5 35
32 53 10 1.00 50 45
30 .04 10 .30
28 15 .20
MPE 24 1.00 1.00 .70
22 .30
BPGD 8 0o .10
4 70 to 1.00 40 A5
2 04 to .30 60 55
G3PDH 11 010 .13
9 0 to .80 40
7 40 ¢ 1.00 .60 1.00
GPDH 32 1.00 95 70
30 05 30
SCD # -7 1.00 70 .08
- g .30 a2

crigin of the Lampsilis population in Lake
Champlain, and this population also pos-
sesses an ailele not present in either parentat
species (PGM 1 14). L. radiafa possesses a
total of 26 alleles over the 15 loci examined, L.
sifiquoidea 25, and L. radiata x siliquoidea
26. L. radiata shares 19 alleles with L. sil-
iquoidea, and 20 alleles with L. radigta x sil-
iquoidea, while L. siliquoidea shares 24 al-
leles with the hybrid population.

in contrast to these examples of hybridiza-
tion between species of Anodonia and Lam-
psifis, the population of Elliptio in Lake Cham-
plain presents no evidence that it is of hybrid
origin between Atlantic Slope E. complanata
and Interior Basin E. dilafata. Rather, this

population exhibits affinities to regional popu-
lations of E. cornplanatain Vermont and Maine.

Nei's (1972) genetic distances and similar-
ities between all pairs of Anodonta, Lampsilis,
and Eliiptio populations examined are pre-
sented in Tables 3, 4, and 5, respectively.
Table 3 indicates that A, “cataracta” fragilis is
genetically almost invariant from Nova Scotia
through Maine and Vermont, and is distantly
related to A. cafaracta and A. grandis. A
cataracta and A. grandis are geneticaily sim-
ilar at a level of 0.649 = 012, which is com-
parable fo levels of simiarity among other
species in the cafaracia clade such as A.
gibbosa from Georgia (Kat, 1983d). A. calar
acta x grandis exhibits intermediate levels of
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TABLE 3. Genetic distances {(above the diagonal) and similarities (below the diagona! between all pairs of
Anodonta populations examined in this study. See Appendix for locations of the collection sites.

Population Species
ME1 VT3 NS4 NS6 NS2  NJ2 DE2 NN VT1 M

ME1 o 601 001 001 003 544 561 568 622 Ratelst A. fragilis
VT3 998 e 00t 001 002 542 559 566 .B20 583 A. fragilis
NS4 889 999 — 001 603 541 558 564  B16 538 A. fragilis
NSE 899 999 599 — 003 341 558 564 616 538 A. fragilis
NS2 908 998 899 999 — 542 857 583 809 581 A. fragilis
N.J2 581 BB2 682 582 582 — 003 003 222 453 A cataracla
DE2 b7 572 572 572 573 .999 - 001 224 420 A. cataracta
NJ1 567 568 569 B6H 570 998 999 — 225 423 A cataracta
VT 537 538 540 B40 B44  BOYT 8O0 799 e 24 hybrid
MI 557 BB 584 584 580 836 857 655 883 _— A. grandis

TABLE 4. Genetic distances (above the diagonal) and similarities (below the diagonal) between all pairs of
Lampsilis populations examined, See Appendix for locations of collection sites.

Poputation Species
NS7 NS4 NS1 NB  NS3 VT3 DE3 MDt ME4 DE1 VTH Mt

NS7 — 014 004 008 021 022 020 .023 .02% .051 .056 .209 L. radiata
NS4 988 — 011 012 033 025 024 019 031 047 052 199 L. radiafa
NSt 998 9884 — 011 025 G026 022 027 .033 059 064 212 L. radiala
NB 891 988 989 — 014 Q18 011 011 017 029 047 218 L. radiala
NS3 978 868 976 986 — 017 003 016 014 031 052 231 L. radiata
VT3 878 975 974 982 983 — 019 018 016 .027 027 204 L. radiata
DE3 880 977 478 989 986 981 - 011 Q010 028 043 218 L radiata
MD1 977 881 974 98% 984 984 988 — 003 G512 038 208 L radiata
MD4 971 970 968 .983 986 984 .9%0 9% — 013 037 2083 L radiata
DET 050 .54 943 971 970 973 974 688 987 — 020 .220 L. radiala
VTi 946 950 .938 954 .950 973 958 963 964 871 -— 124 hybrid
M 811 820 .809 .804 .794 804 812 B16 802 .815 881 — L siliguoidea

TABLE 5. Genetic distances {above the diagonal) and similarilies (below the diagonal) between all pairs of
Elliptic populations sampled in this study. See Appendix for locations of the collection sites.

Poputation Species
VT VT2 ME? VT2 MD4 MD2 MD3 PA MEZ DE3 MD1 NJ2 NS8 NS7 NS5 WI

VT1  — 026 046 .066 041 076 .059 072 052 .068 .04t 045 062 035 033 087 L. complanala
VT3 976 — 015 072 016 .05 041 089 016 057 .017 012 016 015 033 044 E complanala
ME1 .855 .985 069 016 060 048 099 025 059 .023 012 024 016 040 044 E. complanala
VT2 936 931 932 — .063 D88 093 .078 098 101 076 076 087 063 097 124 E complanata
MD4 580 984 9B4 939 — 027 023 107 035 045 022 018 028 023 053 0504 E. complanala
MD2 827 943 842 916 973 — 013 .144 085 035 055 057 064 0B84 089 072 E. complanala
MD3 943 960 954 911 977 987 -— 129 064 027 040 042 044 048 073 070 E. complanala
PA 531 §15 805 925 898 BEE 879 -— 088 134 089 120 126 089 094 157 E complanala
ME2 940 984 875 907 965 019 938 815 — 067 .08 .019 017 020 035 053 E. complanala
DE3 034 .44 943 904 956 966 .974 874 935 — 043 .0b2 052 061 086 070 E complanata
MD1 960 983 977 927 978 .46 960 815 982 958 — .07 .01§ 014 035 059 E. complanata
NJ? 056 989 .988 927 882 944 959 887 981 948 983 — 007 015 037 051 E. compianata
NGB 040 984 576 917 572 038 957 .882 983 949 982 983 — 022 037 051 E. complanala
NS7 066 985 884 939 977 938 953 915 980 941 987 985 979 — 014 046 £ complanata
NS5 968 967 .961 907 948 906 930 810 .966 917 966 964 963 9HEE -— 048 L. compianata
Wi 917 957 957 .883 .948 .§30 932 .B55 948 932 .843 051 950 9855 953 — E. dilatata
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similarity to both A. grandis (0.883) and A.
cataracta {0.800).

Populations of Lampsilis radiata from the
Delmarva Peninsula to Nova Scotia exhibit an
average level of interpopulation similarity of
0.979 = 012, and L. radiata and L. sil-
iquoidea resemble each other at a level of
0.808 x .007 (Table 4). This degree of re-
semblance is comparable to that observed
among other species of the radiata clade such
as southern Atlantic Slope L. splendida (Kat,
1983c). L. radiata = siliquoidea from Lake
Champlain resembles L. radiata at a level of
0.954 + 010 and L. sifiquoidea at a leve! of
0.881: the higher degree of resemblance io L.
radiata reflects greater similarity in the fre-
quencies of shared alleles. Interestingly,
Clarke & Berg (1959} also classified the Lake
Champlain Lampsilis population as more
radiata-like than siliquoidea-like based on
conchological characters.

Populations of Elliptio complanata from the
Delmarva Peninsula to Nova Scotia, Maine,
and Vermont exhibit characteristically high
tevels of variability in genetic resemblance
among populations, ranging from 0.993 to
0.866, with an average degree of resem-
blance of 0.950 = .030 (Table 5). E. com-
planata resembles E. dilatata from Wisconsin
at a level of 0.934 + .028. This high level of
resemblance among species within diversify-
ing Elliptio clades is common {see Davis et al.,
1981; Davis, 1984). Table 5 indicates, how-
ever, that the Lake Champlain Effiptio popu-
lation is most closely related to populations of
E. complanata from Vermont, Maine, and
Nova Scotia, and in fact exhibits less affinity
with E. dilatata than other northeastern pop-
uiations of E. complanata.

Minimum spanning trees based on genetic
distances and connecting all populations of
Elliptio, Lampsilis, and Anodonta are illus-
trated in Fig. 1. The distance measure be-
tween populations is a function {variabte over
each analysis) of the Nei genetic distances,
and thus corresponds to taxonomic related-
ness. Such distances are small, for example,
among populations of A. cataracfa and A.
“cataracta” fragilis, but considerable between
these species. A cataracta = grandis is
shown to be almost equidistant between A.
calaracta and A. grandis, while L. radiata x
siliquoidea clusters considerably closer to L.
radiata than L. sfliquoidea. The minimum
spanning tree between Elfiptic popuiations
generally connects geographically neighbor-

ing populations. Divergent populations within
this group are those from Joes Pond, Ver-
mont, and the Susquehanna River, Pennsyl-
vania, both due to high frequencies of other-
wise rare alleles at loci such as LAP and MPI.

Table 6 contains levels of observed he-
terozygosity and polymorphism for all popu-
lations of Elliptio, Lampsilis, and Anodonta
examined. Populations of Elliptio exhibit char-
acteristicalty high levels of H and P (average
H = 0.139 = .014; average P = 0.517 =
.054) except among peripheral populations in
Nova Scotia (see Kat & Davis, 1984). He-
terozygosity and polymorphism among popu-
lations of Lampsilis are characteristically
lower than those observed among Ellipfio,
excepiin the case of L. sifiquoidea from Mich-
igan, which possesses the highest level of H
and P thus far observed for any lampsiline
population (see Kat, 1983c). L. radiata x
siliquoidea from Lake Champlain is not more
heterozygous than either parent (average H
for central range poputations of L. radiata =
0.058 = .004), but exhibits a level of polymor-
phism equal to that of L. siliguoidea. l.evels of
heterozygosity for anodontine populations
presented here are higher than those pub-
lished earlier (Kat, 1983d) due to inciusion of
foci with fixed heterozygosities (GPI for ail
species and MDH 1 for A. “c.” fragilis). A
cataracta X grandis from Lake Champlain is
considerably more heterozygous than either
parent species.

B. Stomach anatomy

Fine detail of stomach anatomy can be
used to discriminate between hybrids and pa-
renial species of the lampsitines and anodon-
tines examined in this study. The Elfiptio pop-
ulation in Lake Champlain (Fig. 2) is very
similar in stomach anatomy to E. complanata
from eastern Canada (see Kat, 1983a), as
well as E. difafata from Wisconsin (not fig-
ured). Stomach anatomy of L. racliata x sil-
iquoidea from Lake Champlain (Fig. 3) is quite
similar to that of L. radiata from eastern Can-
ada {see Kat, 1983c} and the Delmarva Pen-
insula {Fig. 4), and also that of L. siliquoidea
from Michigan (Fig. 3A). Differences are ap-
parent, however, in the curvature of the minor
typhiosole fold. A. cafaracta x grandis in
Lake Champiain (Fig. 5) also differs from A.
cataracta from Virginia and A. grandis from
Tennessee and Michigan in details of the mi-
nor typhlosole fold. This fold is gently rounded
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FIG. 1. Minimum spanning trees for all populations of Lampsilis, Elliptio, and Anodonta. Among the
tampsiines, all populations except Mt (L. siliquoidea} and VT4 (hybrid) are L. radiata. Among Ellipfio, all
populations except WI (E. difatata) are E. complanala, although populations from Joes Pond, Vermont (VT2)
and the Susquehanna River, Pennsylvania (PA) are relatively distant from other E. compianata popuiations.
Among the ancdontines, NS4, NS6, NS2, VT3, and ME1 are populations of A. fragilis, NJ2, NJ1, and DE2
are populations of A. cataracta, VT1 is a hybrid, and Ml represents A. grandis. The distance measure
between populations is a function of the Nei genetic distance
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TABLE 6. Levels of heterczygosity (H) and polymorphism (P) for all species included in this study.

H P
Efliptio complanaia 0.122 = 037 0.499 ~ 066
Efliptio dilafata 0.104 0.428
Lampsilis radiala 0.038 + 023 0.305 = 132
Lampsilis siliquoidea 0.113 0.600
L. radiata % siliguoidea 0.053 0.600
Anodonta cataracta 0.098 ~ 003 0.142
Anocdonta grandis 0.182 0.500¢
A. grandis x cataracla 0.256 0.570
Anodonta fragilis 0.148 = 006 0.185 = .039

in A. cataracta (see Kat, 1983d) bui becomes
more angular in A. cataracta x grandis (Fig.
5, BA), and is V- or U-shaped in A. grandis
(Fig. 8B, 5C). Overall stomach anatomy
among anodontines of the cataracta group (A.
cataracta, A. grandis, A. gibbosa) is quite
similar (Kat, 1983d). A. “calaracta” fragilis,
however, differs strongly from A. cafaracta in
stomach anatomy (Fig. 6, 6A) and there is no
evidence from this character to suggest that
A. cataractfa and A. fragilis hybridize either in
Nova Scotia or in New England.

C. Conchiolin layer microstruciure

Conchiolin layers among unionids are com-
posed of three paris: an upper, homogeneous
region; a central, reticulate region that con-
sists of a number of thin, usually vertically
arranged iameliae that form chambers of var-
ious shapes and dimensions; and a lower,
very thin homogeneous region (Kai, 1983e}.
Microstructure of conchiolin layers can dis-
criminate among parental species and Lake
Champlain hybrids of Anodonta and Lamps-

FIG. 2. Stomach floor of Elliptio complanata from Lake Champlain. Abbreviations: cm - conical mound, oes
- pesophagus, p - sorting pouch, sal - sorting area 1, sa2 - sorlting area 2, sp - sorting platferm, ss & mg -
style sac and midgut, t - major typhiosole, tm - minor typhiosole fold. Scale bar = 2 mm.
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FIG. 3. Stomach floor of Lampsilis radiata = siiquoidea from Lake Champlain; inset A depicts the minor
typhlosoie of L. siliquoidea from Michigan. Scale bar = 2 mm; structures as in Fig. 2.

ifis, and suggests that Lake Champlain and
surrounding areas are inhabited by & distinct
subgroup of Eltiptio complanata. E. compian-
ata from Virginia and the southern Delmarva
Peninsula are characterized by reticulate re-
gions with shori, widely-spaced lameliae that
enclose triangular or rectangular chambers of
various sizes (Kat, 1983a; Pl. 1:1). E. com-
planata on the northernt Atlantic Slope pos-
sesses longer, straighter lamellae that en-
close rather elongate, narrow chambers (Kat,
1983a; Pl. 1:2). E. dilatata from western North
Carolina (Pl 1:3), Wisconsin (Pl. 2:2), and
western Ontarig (Pi. 2:1} are characterized by
a thin upper homogeneous region and long,
vertical lamellae. E. complanata from Ver-

mont (Pl 1:4 and 1:5) and Lake Champlain
(Pl. 1:8) all possess highly characteristic
curved and striated lamellae that enclose vari-
ably shaped chambers. This particular con-
chiolin fayer microstructure has not been ob-
served in any other region of the geographic
range of E. complanata, although similarly
striated lamellae occur in a hybrid zone be-
tween races of £. complanaia on the Del-
marva Peninsula {Kat, 1983a}.

Conchiolin {ayer microstructure of
Anodonta caiaracta {Pl. 2:4) consists of a
thin upper homogeneous layer underlain by a
poorly defined reticulate region composed of
small, irregular chambers. A. grandis pos-
sesses a hetter defined reticulate region
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FIG. 5. Stomach ﬂoour of Anodonta cataracta x grandis from lake Champlain; inset A represents an extreme
variant in the same population; inset B depicis the minor typhioscie fold of A, grandis from Tennessee; inget
C shows the minor typhicsole fold of A. grandis from Michigan. Scale bar = 2 mm.
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FIG. 6. Stomach floor of Anodenta fragiiis from Maine (Lake St. George). Inset shows the minor typhlosole
fotd of A. fragilis from Nova Scotia {Placide Lake). Scale bar = 2 mm.,

(Pl. 2:5), and A. cataracta x grandis pos-
sesses a reticulate region characterized by
thick, roughly vertical lameilae that enclose
vatiably sized and shaped chambers (Pl. 2:6).
A. “cataracta” fragifis (Pl. 2:3) has a con-
chiolin layer microstructure very different fram
that of A. cataracta.

The conchiolin layer of Lampsilis radiata
(Pl. 3:1, 3:2, 3:3, and 3:4) is characterized by
a thick upper homogeneous region and a re-
ticulate region composed of poorly defined,
digitiform 1o biocky lameilae. L. sifiquoidea
{Fl. 3:6) also possesses a thick homogeneous
region but has a reticulate region composed
of densely packed, jagged lameilae. L. radiaia
x siliquoidea (Pl. 3:5) has a rather disorga-
nized reticulate region composed of irregular,
tlocky lameliae.

DISCUSSION

Studies dealing with genetics of hybrid
zones and dynamics of hybridization are nu-

merous. Some of these studies indicate con-
siderable genetic exchange within the hybrid
zone and some, possibly asymmetrical, intro-
gression elsewhere {e.g. Hunt & Selander,
1973; Avise & Smith, 1974; Pation et al,
1979; Moran et al, 1980; Hafner, 1882).
Other studies report hybridization without any
or much introgression beyond the often nar-
row hybrid zone (e.g. Nevo & Bar-El, 1976;
McDonnell et al, 1978; Sage & Selander,
1979; Barton et al., 1983). While hybridization
between Anodonta grandis and A, cataracta
and Lampsilis radiata and L. siliquoidea is
documented here, too few Interior Basin lo-
calities in particular were examined to be able
to determine the extent of introgression.
There is some evidence, however, that intro-
gression takes place over a wide geographic
area: Atlantic Slope L. radiata and A. catar-
acta exhibit a much higher frequency of fixed
alteles among the 15 loci examined than do A.
grandis and L. siliquoidea from Michigan,
which both possess many “Aflantic Stope”
alleles in iow frequencies. Also, two of the loci
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surveyed possess soluble as well as mito-
chondrial forms: MDH and SOD (Davidson &
Cortner, 1967; Beckman, 1973; Harris &
Hopkinsaon, 1978}. Since mitochondrial genes
are exclusively inherited through maternai
lines, alleles at these loci can be used to
estimate relative parental contributions to hy-
brids and thus fevels of introgression. Lake
Champlain populations of Anodonta and Lam-
psilis contain 65% cataracta and 70% radiata
alleles at these loci, for example, while Mich-
igarn populations contain 45% calaracia and
8% radiata alleles. If incidence of introgres-
sion is confirmed by genetic examination of
“pure” populations of A. grandis and Lamps-
ilis siliquoidea south of the maximal glacial
advance, it would suggest that hybrids be-
tween these species are not inferior o their
parents in terms of maladaptation to exiernat
ernvironments and/or disruption of balanced
gene complexes (Sage & Selander, 1979:
Moore, 1977; see below). The popujation of
Eliiptio in Lake Champlain exhibits no evi-
dence of a hybrid origin, and is geneticaily and
morphologicaliy related to populations of At-
lantic Slope E. complanata. Conchiolin layer
microstructure of populations of £. complan-
ata from Lake Champiain and Vermont is dif-
ferent from that of other northern Atlantic
Slope populations, but such divisions of E.
complanata into locally differentiated popula-
tions have been observed before and are
apparently characteristic of this species (Kat,
1983a; Kat & Davis, 1984). If £. complanata
and E. dilatata hybridize, it probably occurs
farther west than Lake Chamiplain, and the
location of the hybrid zone could well reflect
differences in routes of recolonization taken
by Elliptic when compared with Lampsilis and
Anodonta. For example, Interior Basin
Anodonta and Lampsilis apparently followed
retreating glaciers closely: subfossil A. gran-
dis and L. siliquoidea occur in Lake Algonguin
{12,000 to 10,000 B.P.) and Transitional
{10,000 to 8,000 B.P.) sediments, respec-
tively, in southwestern Ontario (Miller et al.,
1979), and subfossil Lampsilis (species unde-
termined) occur in 7,000 year old sediments
around Lake Champiain (Elson, 1969). E.
complanata, according to Clarke & Berg
(1959), occurs westward to the upper great
lakes (Ontario, Huron, Superior), and proba-
bly colonized this area via Lake Newbery,
which inundated the present Finger Lakes
basin in New York and drained into the
Susguehanna River of the Atlantic Siopse.

Clarke & Berg (1959} also state that E. dila-
tata co-occurs with E. complanata in the St
L.awrence River drainage, but geocgraphic
ranges of these phenotypically variable spe-
cies need 10 be confirmed with more reliable
taxonomic methods than the conchological
characters of previcus authors.

Evolutionary biologists disagree on the sta-
bility of hybrid zones through time. Remington
(1968} has argued, for example, that suture
zones are ephemeral, leading either to fusion
of parental gene pools or separation with per-
fection of reproductive isolating mechanisms.
In conirast, others have indicated that zones
of hybridization can be temporally stable and
of ancient age (Short, 1872; Hunt & Selander,
1973; Sage & Selander, 1979). There can be
little doubt that the hybrid zone between Inte-
rior Basin and Atlantic Slope Anodonta and
Lampsilis is of postglacial origin, and the po-
sition of the hybrid zone in a repeatedly gla-
ciated area implies that # will iast only as long
as the present interglacial stage. Evidence
that a previous suture zone hetween these
faunas was disrupted by glaciers is provided
by the Fish House fossil assemblage near
Camden, New Jersey (Kat, 1983b). Interest-
ingly, this fauna contains no morphologic in-
fermediates between sympatric A. cataracta
and A. grandis 1o suggest that those species
were then hybridizing. This lack of genetic
interaction was proposed to have resuited
from perfection of isolating mechanisms in the
zone of sympatry. These adaptations were
subsequently lost as sympatric populations
were eliminated by glaciers and the geo-
graphic range of A. grandis restricted to ref-
uges west of the Appalachian meountains. Re-
establishment of contact between these spe-
cies would thus again, at least initiaily, involve
hybridization (Kat, 1983b).

Observations that alleles that are either
rare or absent in parental populations occur in
appreciable frequencies in hybrid zones are
not uncommon. This phenomenon was first
described from a land snail hybrd zone
(Clarke, 1968) and since then, Hunt & Selan-
der (1973) have found variant esterase alleles
in a hybrid zone between semispecies of
house mice, and Sage & Selander (1879)
described unusual alleles at five of ten loci
among hybrid frog populations. Other exam-
ples of rare alleles occurring within hybrid
zones have been documented by Woodruff
{1981) and Barton ef al. (1983). In this study,
the hybrid Anodonta population possesses
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three variant alleles, while that of Lampsilis
contains one. Hunt & Selander {(1973) pro-
posed that introgression modifies parental
gene pools to relax incorporation against new
alleles, and Stebbins {1971) suggested that
minor alieles could be favored in low frequen-
cigs in the new genetic environment created
by hybridization. More recently, Thompson &
Woodruff (1578) and Woodruff et al. (1982)
suggested that these new alieles might result
from increased mutation rates among hybrids
{as a conseguence of heterozygosities involv-
ing dissimilar alleles), and Watt (1972} pro-
posed that such new alleles could resuft from
intragenic recombination between parental ai-
leles. Such infragenic recombination has
been proposed to explain patterns of allelic
variability by various authors {(OGhno et al.,
1969; Koehn & Eanes, 1976; Morgan &
Strobeck, 1979; Tsuno, 1981}, and Golding &
Strobeck (1983) showed mathematically that
sympatry of two previously isolated popula-
tions can increase the effective number of
alleles maintained in the hybrid as well as
parental populations. Whether these novetl al-
leles do actually spread from hybrid zones 1o
contribute to allelic diversity of parental pop-
ulations has not been documented. In this
study, increased levels of heterozygosity
could be proposed to account for the appear-
ance of variant alleles in the Lake Champlain
population of Anodonta bt not for that of
Lampsilis, since levels of heterozygosity of
the hybrid lampsiline population are compa-
rable 10, or lower than, those of its parent
species.

Anodonta cataracta and A. grandis, and o
a lesser extent Lampsifis radiata and Lamps-
ilis siliquoidea, are genetically divergent spe-
cies that apparently hybridize readily where
their geographic ranges come into contact.
The large and fertile {demibranchs of both
hybrids were filled with glochidia at the time of
collection) populations in Lake Champlain
and elsewhere in the hybrid zone would ap-
pear to indicate that there is htlle selection
against hybridization, although relative levels
of fitness of hybrids and parents are not
known. Unionids seem susceptible to acci-
dental hybridization because of their externat
mode of fertilization, but could theoretically
experience penalties for hybridization be-
cause of their complicated life cycle that in-
cludes an obligate parasitic stage. Parasitism
involves genes controlling host recognition as
well as genes involved with glochidial survival

while on the host, and such gene complexes
would appear to be highly species-specific
{Bush, 18754, b; Kat, 1984). Hybricization will
likely disrupt adapted gene complexes, ex-
cept possibly among unionid species pos-
sessing very generalized survival and host
recognition genes. Such species are perhaps
epitomized by A. grandis, which parasitizes
over 30 fish hosts (Trdan & Hoeh, 1982}, and
to a lesser extent by L. siliguoidea, which
parasitizes about 12 hosts (Trdan, 1981).
Species like E. complanala and A. implicata,
however, are only known to parasitize two and
one hosts, respectively. Hybridization should
be most strongly selected against among
these more specialized unionids, unless both
parental species parasitize the same host, an
occurrence likely in the case of two £, com-
planata races that hybridize on the Delmarva
Peninsula (Kat, 1983a). Similarity of hosts
shouid therefore be a more reliable predicior
of hybridization between related unionid spe-
cies than levels of electrophoretically de-
tected differentiation.

The data gathered in this study also have
bearing on two taxonomic questions. First,
Clarke & Berg (1959) suggested that in view
of the width of the hybrid zone, Lampsilis
siliquoidea should be reduced %o the subspe-
cies L. radiata siliquoidea. | disagree with this
interpretation: L. sifiquoidea from Michigan
(which might constitute a periphery of the
zone of introgression) already exhibits the
same level of genetic divergence from L.
radiala as do other recognized lampsiline
species such as L. splendida from Georgia
and Lampsiflis sp. from Lake Waccamaw,
North Carolina (Kat, 1983c). Also, stomach
anatomy and conchiolin layer microstructure
of these taxa are quite different. | suggest,
therefore, that the taxon L. radiata siliquoidea
be reserved to describe hybrid populations
such as that in Lake Champlain, and that L.
sifiquoidea be used to describe Interior Basin
populations cutside the hybrid zone. Second,
Clarke & Rick (1963) named Anodonta catar-
acta fragilis to describe phenotypic (umbonal
sculpture) intergrades between A. fragifis
from Newfoundland and A. cataracta. In this
study and others (Kat, 1983d, e; Kat & Davis,
1984) genetic, anatomical, and conchiolin
layer microstructural data suggest that all
populations of A. “cataracta” fragilis are very
distinct from A. cataracta, and that there is no
evidence fo suggest any hybridization be-
tween these taxa. | propose that, unless an




UNIONHD HYBRIDIZATION 123

analysis of A. fragilis (based on a diversity of
data) from Newfoundland {the type locality)
reveals substantial differences from A. “catar-
acta” fragifis from Nova Scotia and northern
New England, these taxa be considered syn-
onymous and distinct from A. cafaracta.
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APPENDIX
Classification of species mentioned in the texi, and location of the collection sites.

unionidae
Anodontinae
Anodonta cataracta Say
Anodonta fragilis Lamarck
Anodomta gibbosa Say
Anodonta grandis Say
Ambleminae
tampsilini
Lampsilis radiata (Gmetin}
Lampsilis siliquoidea {Barnes)
Lampsilis splendida (Lea}
Pleurcbemini
Elliptio complanata {Lightfoot)
Elliptio difatata (Rafinesgue)

DE1 Andover Branch, Millington, Kent Co., Delaware

DE2 Concord Pond, Sussex Co., Delaware

DE3 Deep Creek, Nanticoke Acres, Sussex Co., Delaware

MD1 Chester River, Millington, Kent Co., Maryland

MD2 Mason Branch, Queen Anne, Queen Annes Co., Maryland

MD3 Norwich Creek, Queen Anne, Talbot Co., Maryland

MD4 Sassalras River, Sassafras, Cecil Co., Maryland

ME1 take St George, Waldo Co., Maine

MEZ Kennebec River, Somerset Co., Maine

MI Wiggins Lake, Gladwin Co., Michigan

NB French Lake, Oromocio, Sunbury Co., New Brunswick

NJ1 Delaware River, Burlington Co., New Jersey

NJ2 Swartswood. Lake, Sussex Co., New Jersey

NSt Lake Egmont, Cooks Brook, Halifax Co., Nova Scotia

NS2 First Lake ©O' Law, Baddeck, Vicicria Co., Nova Scotia

NS3 Mattatall Lake, Wentworth Centre, Cumberland Co., Nova Scotia
NS4 Newville Lake, Halfway River East, Cumberiand Co., Nova Scotia
NS5 Placide Lake, Havelock, Digby Co., Nova Scotia

NS6 Shaw Lake, Arichat, Isle Madame, Richmond Co., Nova Scotia
NS7 Grand Lake Shubenacadie, Grand Lake, Halifax Co., Nova Scotia
NS8 Sydney River, Sydney, Cape Breton Co., Nova Scotla

PA Susquehanna River, Cumberland Co., Pennsylvania

V11 Lake Champiain, South Hero, Grand Iste Co., Vermont

VT2 Joas Pond, Danville, Caledonia Co., Vermont

VT3 l.ake Memphremagog, Newport, Orleans Cao., Vermont

Wi St. Croix River, Hudsen, St Croix Co., Wisconsin







