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PARSIMONY, MOLECULAR EVOLUTION, AND BIOGEOGRAPHY: THE
CASE OF THE NORTH AMERICAN GIANT SALAMANDER

ERIC ROUTMAN?, ROSALIND WU, AND ALAN R. TEMPLETON
Department of Biology, Washington University, St. Louis, Missouri 63130

Abstract. - To draw biogeographic conclusions about the Central Highlands region of the United
States, we reconstructed the phylogeny of hellbender (Cryptobranchus alleganiensis) populations
from restriction-site variation in mtDNA. We were unable to root the phylogeny using an outgroup
and therefore could not weight restriction-site gains more heavily than site losses. As a result,
maximum parsimony results in low phylogenetic resolution because of high levels of homoplasy
in the data set. Use of a recently published algorithm based on an explicit model of molecular
evolution yielded much greater resolution of the mtDNA relationships. This phylogeny indicates
the two subspecies ofhellbenders are paraphyletic with respect to one another. Hellbenders found
in the southern Ozarks (C. a. bishopi) are either most closely related to populations of C. a.
alleganiensis inhabiting the Tennessee River drainage or are so divergent that phylogenetic affinities
are undetectable. Extremely low levels of divergence among mtDNA haplotypes found in popu-
lations from Pennsylvania, Indiana, Illinois, and the northern Missouri Ozarks suggest a recent,
probably post-Pleistocene, invasion of this region from a refugium in one of these areas. Biogeo-
graphic hypotheses of the causes and timing of hellbender distributions differ significantly from
those postulated from analyses of fish species relationships. Possible reasons for the discrepancy

are discussed.
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Explaining the distributions of organisms is
one of the principal goals of both ecology and
evolutionary biology. Evolutionary approaches
focus on the contribution of historical events as
a force determining distributions, using the prin-
ciples of phylogeny reconstruction and bioge-
ography (for a review, see Humphries and Par-
enti 1986). The application of these principles to
the study of intraspecific populations was pio-
neered by Avise and colleagues (Bermingham and
Avise 1986; Avise et al. 1987). Intraspecific bio-
geography is an example of the increasing aware-
ness that historical information is not only valu-
able for understanding macroevolution but may
shed light on microevolutionary processes as well.
Conversely, the use of explicit population-ge-
netic models of the evolutionary process can be
useful for phylogenetic reconstruction.

Intraspecific biogeography involves the joint
consideration of the phylogenetic and geographic
distributions of populations within a species.
DNA sequencing or r striction mapping are usu-
ally more informative than morphological data
sets, because for most species these populations
are very closely related. This field has rescued

' Present address: Department of Biology, San Fran-
cisco State University, 1600 Holloway Avenue, San
Francisco, California 94132-2401.

widespread species from the fate of being bio-
geographically "uninformative" (Nelson and
Platnick 1978). Many widespread species consist
of geographically distinct populations that also
differ genetically for at least some molecular
markers (Avise et al. 1987). These subpopula-
tions can then be treated the same as endemic
species in more traditional biogeographic stud-
ies, either by comparing phylogenies of several
widespread species to find areas of concordance
(Bermingham and Avise 1986; Avise 1992), or
by comparing population relationships to those
predicted by geologic hypotheses.

However, intraspecific molecular phylogenies
suffer from problems that often make the use of
traditional methods of phylogeny reconstruction
difficult. One problem is branch lengths between
nodes of the phylogeny are expected to be short.
Methods like maximum parsimony perform best
when internodal branch lengths are long relative
to terminal branches (Felsenstein 1978). Sec-
ondly, independent rooting of the phylogeny is
often not possible. Rooting is important because
it allows the identification of natural groups, and
is necessary to differentially weight certain types
of character-state changes (such as restriction-
site gains versus losses) that can alter the topol-
ogy of the phylogeny. Because populations are
often closely related, rapidly evolving characters,
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such as mtDNA or the intergenic spacer ofrDNA,
are used to estimate the phylogeny. However,
rapid evolution, combined with a limited num-
ber of character states, can obviate the use of an
outgroup to root the tree, because the molecule
being studied is rapidly changing in the outgroup
as well. This can result in autapomorphies of the
outgroup appearing as synapomorphies in the
ingroup.

The second problem is particularly acute with
restriction-site data. Restriction sites have only
two character states-present and absent. In ad-
dition, in closely related organisms, sites are con-
siderably more likely to be lost than gained
(Templeton 1983). This results in the expecta-
tion that, for sites "present” in at least some
members of the ingroup, the outgroup will ac-
cumulate "absent" character states due to in-
dependent loss. This can result in an incorrect
or ambiguous rooting of the phylogeny. In cases
where the phylogeny-reconstruction algorithm
returns a message that the phylogeny cannot be
rooted with the outgroup, investigators com-
monly include the outgroup as part of the ingroup
and root the phylogeny with some other criteria
(e.g., Echelle and Dowling 1992). The above dis-
cussion suggests this may not always be appro-
priate. A test for outgroup suitability in the case
of restriction-site data will be presented else-
where.

To overcome these obstacles, other criteria are
necessary to help decide group membership, such
as using explicit population-genetic models of
molecular evolution to justify decisions about
the use of parsimony to estimate the phylogeny.
Here we use a method based on an explicit model
of restriction-site evolution to improve our bio-
geographic study of the giant salamander, Cryp-
tobranchus alleganiensis (also known as the hell-
bender). The goals are to propose hypotheses
about the phylogenetic relationship of hellbender
populations in the Central Highlands of the Unit-
ed States and to compare these hypotheses to
those derived from other taxa found in the same
areas. These hypotheses will provide the basis
for future biogeographic studies of the region.

The Central Highlands

The Central Highlands of the eastern United
States is a most interesting region for intracon-
tinental biogeographic investigation because of
its biological diversity. It is divided into the East-
ern Highlands, consisting of the Appalachian
Mountains east of the Mississippi River, and the
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Interior Highlands, including the Ozark Plateau
and Ouachita Mountains west of the Mississippi.
These two major upland regions are character-
ized by mountainous topography and ecology and
are separated from each other and from the rest
of the continent by lowlands with very different
ecological conditions. The highlands, character-
ized by relatively small streams with clear water
and high flow gradients, are important to the
distributions of aquatic organisms. Intervening
lowland rivers tend to be larger and slower, with
high siltation. For many upland aquatic organ-
isms, lowland rivers represent considerable bar-
riers to dispersal. Current distributions of these
organisms probably reflect past geologic events
rather than present-day dispersal patterns.

The most important conclusion of extensive
reviews of the geologic history of Central High-
lands rivers (Ray 1974; Wiley and Mayden 1985;
Robison 1986; Mayden 1987, 1988) is that the
present physiognomy of the region is due to geo-
logic activity that occurred just before and during
the Pleistocene. Rivers of the region were dra-
matically affected by Pleistocene glaciation
events. The direction of flow of many contem-
porary rivers, e.g., the Allegheny, was reversed,
and other drainages were created or destroyed.
Flow rate and turbidity were also affected. The
relationships among current populations of
aquatic organisms may reflect pre-Pleistocene af-
finities or postglaciation phenomena. Studies of
the region's fishes suggest the answer is a mixture
ofboth (Wiley and Mayden 1985; Mayden 1987,
1988).

Several biogeographic investigations of Cen-
tral Highlands aquatic organisms have focused
on shared community structure (Pflieger 1971)
or interspecific vicariance biogeography (Wiley
and Mayden 1985; Mayden 1988). Surprisingly,
few intraspecific biogeographic studies have been
conducted (Wiley and Mayden 1985; Rogers and
Cashner 1987; Grady et al. 1990). Several wide-
spread species in a variety oftaxa, including cray-
fish, mollusks, fish, amphibians, and plants, are
restricted to rivers in the Central Highlands.
Comparing the phylogenies of these species would
help elucidate the effects of past geologic events
on the current biological makeup of the region.

Biology of Cryptobranchus alleganiensis

Cryptobranchus alleganiensis is an obligately
aquatic salamander found in clear, fast-flowing
rivers in the eastern United States, from southern
New York to northern Georgia, Alabama, and
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FIG. 1. Map of rivers where Cryptobranchus allegan-
iensis populations were sampled: (!) Niangua River,
(2) Gasconade River, (3) Big Piney River, (4) Meramec
River, (5) North Fork of the White River, (6) Spring
River, (7) Eleven Point River, (8) Current River, (9)
Wabash River, (10) Blue River, (11) Little River, (12)
Beaverdam Creek, (13) Copper Creek, (14) New River,
(15) Sherman Creek, (16) French Creek, (17) Slippery
Rock Creek. Major drainages are: MO, Missouri River;
MI, Mississippi River; WH, White River; OH, Ohio
River; TE, Tennessee River; SU, Susquehanna River.

Mississippi, and from the western parts of West
Virginia, Virginia, and the Carolinas to central
and southern Missouri (Nickerson and Mays
1973). The main body of the range includes trib-
utaries of the Ohio, Cumberland, and Tennessee
drainages of the Appalachian Mountains, but
disjunct populations are found in the Ozark Pla-
teau and the Susquehanna drainage. The hell-
benders that inhabit rivers flowing south out of
the Ozarks are considered a separate subspecies,
C. a. bishopi (Grobman 1943), whereas the
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northern Ozark populations and all other pop-
ulations are thought to belong to the nominate
subspecies, C. a. alleganiensis. The Susquehanna
drains into Chesapeake Bay, and its populations
are therefore isolated from the other populations,
which inhabit rivers draining ultimately into the
Mississippi River.

Hellbenders require large areas of submerged
rock as diurnal refugia and nesting sites, and are
not found in water with high silt loads. Therefore,
they can only disperse between upland areas when
lowland rivers are relatively clear. Furthermore,
because hellbenders fertilize eggs externally, sin-
gle gravid females are unable to found new pop-
ulations unless they comigrate with at least one
male. Thus, new populations are unlikely to re-
sult from extremely rare dispersal by individuals
through unsuitable habitat, but rather are prob-
ably founded when the lowland rivers have much
reduced silt loads. This specialized ecology means
the distribution and relationships of C. allegan-
iensis populations should be indicative of past
climatic and geologic events.

MATERIALS AND METHODS

Two hundred fifty-two hellbenders were col-
lected from various rivers throughout the spe-
cies' range. The collection sites are shown in fig-
ure |. Table 1 lists sample sizes and drainage
relationships. Blood from an incision in the tail
was dripped into cryotubes containing STE buff-
er (Maniatis et al. 1982) and frozen in liquid
nitrogen. Procedures for extraction, restriction,
electrophoresis, and visualization of DNA are
described in Routman (1993). A preliminary

TABLE I. Collecting localities, state where collection was made, sample sizes, and drainages. Drainage pattern
refers to the sequential listing of tributaries, starting with the river where the collection was made and ending
with the last river before the confluence with the ocean. State abbreviations are: AR, Arkansas; IL, Illinois; IN,
Indiana; MO, Missouri; PA, Pennsylvania; TN, Tennessee; VA, Virginia.

Big Piney River (MO) 65
Gasconade River (MO) 13
Niangua River (MO) 26
Meramec River (MO) 42
Current River (MO) 10
Eleven Point River (MO) |
Spring River (AR) 7
North Fork of the White River (MO) 17
Little River (TN) 12
Beaverdam Creek (TN) 8
Copper Creek (VA) 16
New River (VA) 2
French Creek (PA) 13
Slippery Rock Creek (PA) 6
Blue River (IN) 6
Wabash River (IL) |
Sherman Creek (PA) 7

Gasconade-Missouri-Mississippi
Missouri-Mississippi
Osage-Missouri-Mississippi
Mississippi
Black-White-Mississippi
Black-White-Mississippi
Black-White-Mississippi
White-Mississippi
Tennessee-Mississippi
Holston-Tennessee-Mississippi
Clinch-Tennessee-Mississippi
Kanawha-Ohio-Mississippi
Allegbeny--Ohio-Mississippi
Beaver-Ohio-Mississippi
Ohio-Mississippi
Ohio-Mississippi

Susquehanna
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subset of these data appeared in Templeton et
al. (1990) and in Routman (1993).

Each mtDNA molecule that possesses a unique
combination ofrestriction sites is considered an
allele, or haplotype. In the phylogenetic analyses,
haplotypes were considered operational taxo-
nomic units (OTUs), and restriction sites were
characters coded as present or absent. Parsimony
analysis was conducted using PAUP (Swofford
1991). Twenty heuristic analyses, each with 10
separate random-addition taxa inputs, were per-
formed. Characters and character states within
characters were weighted equally. Maxtrees was
set at 100 and allowed to increment by 100 as
necessary.

The unique insights of an explicit model of
evolution are introduced into the analysis by a
method designed specifically for intraspecific re-
striction-site data (Templeton et al. 1992). The
method combines maximum parsimony with
Bayesian probability analyses to calculate the
statistical limits of parsimony for a given data
set. Full details of the algorithm are given in
Templeton et al. (1992), so we shall only sum-
marize them here. The basic goal is to evaluate
the probability of multiple mutations within re-
striction sites. If undetected multiple mutations
are not likely to have occurred within restriction
sites, the use of parsimony to establish relation-
ships among the haplotypes is justified (Temple-
ton et al. 1992). The maximum number of re-
striction-site differences that can separate hap-
lotypes before the probability of undetected mul-
tiple mutation events becomes too large (see
below) is found with an algorithm inspired by
the theoretical work of Hudson (1989), who cal-
culated the probability of two haplotypes chosen
at random having undetected restriction-site dif-
ferences. The Templeton et al. method takes into
account the overall restriction-site similarity of
the specific pair of haplotypes being compared,
which did not concern Hudson. Because the
Templeton et al. procedure is conditional upon
a specific pair of haplotypes, it makes no as-
sumptions about the population structure and
genetic equilibrium of the sampled population.
The probability of parsimony (P, the probability
ofno undetected mutations in the restriction sites
sampled) is calculated for haplotypes separated
by a single restriction site, then for those sepa-
rated by two restriction sites, and so on until P
becomes too small (e.g., <0.95). Parsimony is
then used to reconstruct relationships within those
subsets of haplotypes for which the probability
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ofundetected multiple mutations is less than 0.05.
In contrast to the global parsimony used by
PAUP, the Templeton et al. algorithm uses par-
simony in a more localized manner. Local par-
simony is more appropriate for data sets with
relatively high rates of change among a limited
number of character states. In these situations,
homoplasy is expected for the data set overall
but should be much less common among closely
related taxa.

RESULTS

Table 2 gives the restriction-site profiles of the
mtDNA haplotypes. This data set is essentially
the same as that given in Routman (1993), with
the addition of haplotypes P2 and I1 resulting
from the sampling of populations from the Blue
River, Wabash River, and French Creek, addi-
tional sampling of Slippery Rock Creek, and the
addition of a sample from the Eleven Point Riv-
er. A map of the mtDNA showing the relative
locations of the restriction sites can be found in
Routman (1993). A total of 17 different haplo-
types was found. Population haplotype frequen-
cies are found in the Appendix.

No haplotype was widespread among the pop-
ulations sampled. Indeed, only a few haplotypes
were found in more than one population, and F,,
values for hellbenders are among the highest ever
recorded (0.865 for the entire range, 0.779 for
Missouri  River ftributaries-Routman 1993).
Mitochondrial DNA variance in these popula-
tions is almost entirely explained by the between-
population component, and because restricting
inference to geographically adjacent populations
has no significant effect on F,,, hellbender pop-
ulations in different rivers probably rarely, if ever,
exchange migrants (Routman 1993). This con-
clusion is consistent with results of mark-recap-
ture studies showing low within-river movement
and considerable philopatry in this species
(Nickerson and Mays 1973; Peterson 1987). This
geographic isolation means that the mtDNA
haplotypes probably reflect the events that re-
sulted in the founding of the populations in which
they occur. The restriction-site differences among
the haplotypes can 'be overlaid on a map to si-
multaneously display the mutational and geo-
graphic relationships of the mtDNA genomes of
these hellbender populations (fig. 2).

Several notable aspects of the mutational re-
lationships stand out. Some geographically close
populations are separated by a large number of
restriction-site differences. For example, at least
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TABLE 2. Polymorphic restriction sites for hellbender mtDNA haplotypes. Haplotype designations consist of
the first initial of the state where the collection was made (M, Missouri; P, Pennsylvania; T, Tennessee; V,
Virginia) followed by a separate number for each haplotype. Only variable sites are listed (1 = present, 0 =
absent). Restriction enzyme designations are as follows: B = BamHI, C = Bcll, G = Bglll, Bs = BstEll, E =

EcoRlI, Ev=

EcoRV, N = Neal, P = Pstl, P = Pvull, S = Sacl, T = Stul, X = Xbal, M = Xmnl.
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15 restriction-site differences separate mtDNA
of hellbenders in the Current River and Eleven
Point River from those in the Spring River and
the North Fork of the White River in the south-
ern Ozarks. On the other hand, only 2 to 7 re-
striction-site differences separate haplotypes
found in hellbenders from Pennsylvania, Indi-
ana, and Illinois from those found in the north-
ern Ozarks. The number of restriction-site dif-
ferences and the percentage of nucleotide dissim-
ilarity for each pairwise comparison of haplo-
types are given in table 3. Sequence divergence
among haplotypes ranges from 0.2% to 4.7%.
Three hundred fifty-three most parsimonious
trees (length = 53, consistency index = 0.673)
were resolved with the PAUP algorithm. The
strict-consensus tree is shown in figure 3. Because
the mtDNA of the nearest relatives of Crypto-
branchus, the giant salamanders of Asia (genus
Andrias), is too divergent to serve as an outgroup
(Routman unpubl. data), the tree is unrooted.
The only groups that can be unambiguously sup-
ported are ([MI,M2],[{M3,M5,M6},{PI,P2,11 }]),
and (M7,M8). This conclusion assumes the root
does not lie within any of these groups. Because
of the large genetic distances between these sets
of haplotypes, we argue that they are probably
monophyletic groups, that is, the true root is
most likely to be found on one of the long branch-

FIG. 2. Restriction-site differences among hellbender
mtDNA haplotypes overlaid on a map of the eastern
United States. Numbers next to lines connecting hap-
lotypes or haplotype groups indicate the minimum
number of restriction-site differences between haplo-
types (absence of a number indicates shared haplo-
types). Localities can be identified by their haplotype
profiles as follows: French Creek-PI,P2,11; Slippery
Rock Creek-Pl,11; Sherman Creek-Pl; Blue Riv-
er-11 (east); Wabash River-II (west); Meramec Riv-
er-MI,M2; Big Piney/Gasconade rivers-M3,M5,M6;
Niangua River-M6; North Fork of the White River-
M8; Spring River-M7; Eleven Point River-M9 (west);
Current River-M9 (east); Little River-TI,T2,T4;
Beaverdam Creek-TI,T3; Copper Creek-V2; New
River-VI.
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TABLE 3. Percentage of sequence difference (upper matrix) and number of restriction-site differences (lower
diagonal) for each pairwise comparison of Cryptobranchus alleganiensis mtDNA haplotypes.

mtDNA M1 M2 M3 M5 M6 1 Pl P2 M7 MS M9 T T2 T3 T4 VI V2
MI 02 10 08 06 10 12 12 38 39 47 31 29 34 29 31 28
M2 08 06 08 12 14 10 40 41 44 33 31 36 31 33 3C
M3 5 4 02 04 07 09 05 43 44 41 36 34 39 34 36 3f
MS 4 3 | 02 06 07 04 41 42 39 34 32 37 32 34 31
M6 3 4 2 | 04 06 06 39 40 42 32 30 35 30 32 2¢
I 5 6 4 3 2 02 02 43 44 41 36 34 39 34 36 3:°
PI 6 7 5 4 3 | 04 45 46 43 38 36 41 36 38 35
P 6 5 3 2 3 | 2 45 46 38 38 36 41 36 38 35
M7 16 17 19 18 17 19 20 20 07 38 17 20 20 20 22 24
MS 17 18 20 19 18 20 21 21 3 39 19 21 21 21 24 2€
M9 19 18 18 17 18 18 19 17 15 16 36 34 34 34 42 38
T 13 14 16 15 14 16 17 17 7 8 14 02 02 07 20 17
T2 12 13 15 14 13 15 16 16 8 9 13 | 05 05 17 20
T3 14 15 17 16 15 17 18 18 8 9 13 | 2 05 23 20
T4 12 13 15 14 13 15 16 16 8 9 13 3 2 2 23 25
VI 13 14 16 15 14 16 17 17 9 10 16 8 7 9 9 17
V2 12 13 15 14 13 15 16 16 10 11 15 7 8 8 10 7

es of the tree. A tree containing these clades is
significantly more parsimonious than midpoint-
rooted trees in which these clades are broken up
(P < 0.05, Wilcoxon signed-rank test; Temple-
ton 1983). Note that homoplasy is sufficiently
great so that even Tennessee River haplotypes
Tl, T2, T3, and T4 (separated by a maximum
of three restriction sites) do not form a mono-
phyletic group. Our inability to root this tree
means that the homoplasy cannot be reduced by
weighting site gains more heavily than site losses.
Use of the Templeton et al. algorithm allows
further resolution of the haplotype relationships.

-
—MNYTN
== - >

FIG. 3. Maximum parsimony phylogeny of hellbend-
er mtDNA haplotypes. Letters above haplotypes rep-
resent major drainages where the haplotypes are found.
Information about smaller drainages can be found in
figures | and 2, table I, and in the text. T, Tennessee
River; 0, Ohio River; W, White River; M1, Mississippi
River; MO, Missouri River; S, Susquehanna River.

The first step in the application of the algorithm
is to calculate H, the probability that two hap-
lotypes picked at random from the sample differ
by at least one undetected mutation in the set of
restriction sites scored (Hudson 1989). For our
data set, H = 0.219. This high probability in-
dicates that maximum parsimony is inappropri-
ate for the data set as a whole. However, it is
still likely that parsimony can be used for subsets
of the data. We estimate the limits of parsimony
by applying equation (8) of Templeton et al.
(1992) to haplotype pairs that differ by j restric-
tion sites and share m restriction sites. (A pa-
rameter to account for transition/transversion
bias is included in the model. We set this param-
eter so transitions are considered far more com-
mon than transversions, as is expected for closely
related taxa. This makes the analysis more con-
servative, in that the ability to determine that no
undetected mutations are present in the sample
is decreased, making it more difficult to deter-

. mine relationships among haplotypes.) The pa-

rameter j can range from 1 to the maximum
number of restriction-site differences between
haplotypes. The parameter m can range from
zero to N - j, where N is the total number of
restriction sites sampled. The most efficient es-
timation procedure is to begin with the haplotype
pair with the lowest values of j and m. If the
probability of no undetected mutations, P, is
greater than or equal to 0.95, then parsimony is
appropriate for all haplotype pairs that differ by
this value of}. If P < 0.95, we proceed to hap-
lotype pairs with successively higher values of m
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for the same j until P 2:: 0.95 or we run out of
contrasts for that value of j. Clades are formed
by uniting all haplotypes for which P 2:: 0.95.
We then proceed to the next higher value of j
and repeat the process. Unresolved polytomies
arise for two reasons: first, when P < 0.95 at the
level of connection between haplotype groups;
second, when P 2:: 0.95, but multiple connections
are possible.

In the hellbender mtDNA data set, the follow-
ing haplotype pairs are separated by a single re-
striction site difference: MI-M2, M3-M5, M5-
M6, PI-11, P2-ll, TI-T2, andTI-T3. Ofthese
"one-step" pairs, two pairs, (TI-T2 andTI-T3),
share the fewest number of restriction sites (35
sites), yielding a value of P = 0.987. Because the
rest of the one-step pairs share more than 35
sites, all one-step relationships are more parsi-
monious than those requiring two or more steps.
Similarly, all two-step relationships (see table 3)
are more parsimonious than those of greater than
two steps (P 2:: 0.960). At this point, the algo-
rithm allows formation of the following clades:
(MI,M2), ([M3,M5,M6], [II,PI,P2]), and
([T1,T2,T3],T4). When the procedure is repeated
for three-step haplotype pairs, P < 0.950 for
some pairs (M1-M6, M2-M6, M5-M2, and M7-
M8). This indicates that when haplotypes differ
by as few as three restriction sites, undetected
mutations are likely. However, the Templeton
et al. algorithm also allows estimation of the
probability ofno more than one undetected mu-
tation (step 4 of Templeton et al. 1992). For each
of the above three-step haplotype pairs, this
probability is greater than 0.95. Therefore, three-
step or four-step relationships are parsimonious
for these haplotypes, and connections involving
five or more steps are significantly less likely.
This result allows us to (1) unite the (MI,M2)
clade with the ([M3,M5,M6], [11,P1,P2]) clade,
because the next closest connection involves 12
restriction-site differences, and (2) form the clade
(M7,M8). The next value of j to be tested is 7.
For j= 7, P 0.688. However, the probability
of no more than one undetected mutation is
0.954. Because this means that seven-step or
eight-step relationships are significantly more
likely than those involving nine or more steps,
the following clade can be formed: ([M7,M8],
([T, 72,T3],T4), [VLLV2]). The only relation-
ships left to be determined are those among
(MI,M2), (IM3,M5,M6], [II,PI,P2]), haplotype
M9, and ([M7,M8], [TI,T2,T3,T4], [VI,V2)).
Table 3 shows that members of these three clades

Fm. 4. Phylogeny of hellbender mtDNA haplotypes
obtained using the Templeton et al. (1992) algorithm.
River designations are as in figure 3.

differ from each other by a minimum of 12 re-
striction sites. P is well under 0.95 for any of
these 12-step connections, as is the probability
of only one additional undetected mutation.
Therefore, the relationships among these three
clades are left unresolved. Figure 4 shows the
cladogram that results from the use of the al-
gorithm.

DISCUSSION

The phylogenetic analysis of hellbender
mtDNA haplotypes reveals some surprising re-
lationships. One of the most notable is the low
genetic divergence among Cryptobranchus alle-
ganiensis alleganiensis populations from the riv-
ers (French Creek, Slippery Rock Creek, Blue
River, Wabash River) that flow south into the
Ohio River, and the populations from rivers
(Meramec, Big Piney, Gasconade, Niangua)
flowing north out of the Ozark Mountains into
the Missouri or Mississippi rivers. The nucleo-
tide difference among the haplotypes found in
this region ranges from 0.4% to 1.4%, whereas
the minimum difference between these haplo-
types and haplotypes found in other populations
of C. a. alleganiensis is 2.8%. This close rela-
tionship suggests that the invasion of the Ozarks
from the Ohio River drainage or vice versa was
relatively recent, compared to events that sepa-
rated the ancestor of these populations from the
others. One plausible explanation is that Pleis-
tocene glaciation, which created the current Ohio
River, wiped out hellbender populations in the
rivers that existed north of the Ohio. As the gla-
ciers receded, the rivers created were colonized
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from northern Ozark populations that survived
glaciation because the rivers they inhabited flowed
toward the ice sheet and were unaffected (in their
headwaters) by meltwater from the glacier. In
their study of Fundulus catenatus, Grady et al.
(1990) also found a close relationship between
an Ohio River drainage population and those
from the Ozarks (although, unlike in our study,
the southern Ozark populations were included
in this grouping).

Although the New River is (via the Kanawha
River) a tributary of the Ohio River, the two
hellbenders from our sample have a mtDNA
haplotype (VI) that is most closely related to
mtDNA from populations from the Tennessee
River drainage (haplotypes V2 and TI-T4), and
from the southern Ozarks (haplotypes M7 and
M8). Like the northern Ozark rivers mentioned
above, the New River is also a north-flowing
river and may have served as a separate refug-
ium. As a result, New River hellbender mtDNA
is not closely related to that of the hellbenders
occupying other Ohio River tributaries. The sim-
ilarity of New River hellbender mtDNA to that
of hellbenders from the Tennessee River may
result from a pre-Pleistocene connection between
these populations. The possibility of stream cap-
ture between these drainages is supported by both
geologic and fish-distribution data (Ross and
Carico 1963). Because of the small sample size
(two individuals), and because the collection site
is above Kanawha Falls, it is likely that the New
River contains hellbenders that have mtDNA
from the Ohio River drainage. Further sampling
above and below Kanawha Falls should detect
whether the New River contains a mixture of
hellbender populations.

The sample of hellbenders from Sherman
Creek, a Susquehanna River tributary, was
monomorphic for one of the mtDNA haplotypes
(PI) found in hellbenders from other rivers in
Pennsylvania. Recalling that the Susquehanna
River drainage is presently totally isolated from
the other rivers, the invasion of the Susquehanna
was undoubtedly a very recent, post-Pleistocene
event. This suggests that stream capture or a sim-
ilar phenomenon is responsible. If so, other spe-
cies which migrated between drainages at the
same time should also show a similar pattern of
low mtDNA divergence between populations
from the Susquehanna drainage and those from
the western Pennsylvania rivers.

The populations of C. .a. bishopi found in the
rivers that flow south out of the Ozarks show
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some unexpected genetic affinities. Two ex-
tremely different mtDNA clades are found. One
unites the hellbenders of the North Fork of the
White River with those found in the Spring Riv-
er. The other, consisting of only haplotype M9,
unites the population sampled from the Current
River with the single individual taken from the
Eleven Point River. These clades differ by 16 to
18 restriction sites, or 3.8% to 3.9% nucleotide
divergence. What makes this especially surpris-
ing is that the Spring River enters the Black River
(of which the Current River is a tributary) within
5 km of the Eleven Point River. The Black River
unites with the White River over 100 river Ki-
lometers downstream. The mtDNA ofhellbend-
ers from the Spring River would be expected to
be more closely related to that of hellbenders
from the Current and Eleven Point rivers. The
extreme divergence between the two clades sug-
gests that the event separating the groups is very
old. The final surprising result is, although one
of the C. a. bishopi haplotypes (M9, from the
Current and Eleven Point rivers) is so divergent
that it cannot be confidently assigned a relation-
ship to any of the other extant mtDNA haplo-
types, the other C. a. bishopi haplotypes (M7,
found in the Spring River, and M8, from the
North Fork of the White River) are most closely
related to the haplotypes ofhellbenders from the
Tennessee River drainage. This relationship
means that both subspecies of C. alleganiensis
are paraphyletic.

The relationships among hellbender popula-
tions suggested by the mtDNA phylogeny invite
comparison to phylogenies hypothesized for oth-
er species in the Central Highlands. Wiley and
Mayden (1985) summarized much of the re-
search on fishes of this region. They discussed
11 species groups with Central Highlands distri-
butions that would allow at least partial com-
parison to C. alleganiensis. Although the fish and

. hellbenders share areas of endemism, none of

the species trees for fish is a good match for the
Cryptobranchus population phylogeny. For ex-
ample, for those species groups (Notropus zon-
atus and Etheostoma variatum) in which differ-
ent taxa are found in the northern and southern
Ozarks and in the Appalachians, the Ozark pop-
ulations share a sister-group relationship. In the
hellbenders, the northern Ozark populations are
sister taxa to those in part of the Ohio River
drainage, and a subset of the southern Ozark
populations are most closely related to the Ten-
nessee River populations.
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Mayden (1988) conducted a biogeographic
analysis of Mississippi River basin fish groups,
based upon both the phylogenetic relationships
within many fish taxa and the hypothesized dis-
tribution of ancestral taxa. The results of his
analysis for the rivers from which hellbenders
were sampled for this study are presented in fig-
ure 5A. Comparison to the phylogeny of the hell-
bender populations (fig. 5B) shows it would be
difficult to find two more different topologies.
Only the close relationship among the north-
flowing Ozark rivers is found in both phyloge-
nies. The lack of concordance between the two
biogeographic analyses could be caused by a
number of factors.

First, the distribution of hellbender mtDNA
haplotypes may not be indicative of population
relationships. In other words, the gene phylogeny
is not a population phylogeny. If the mtDNA
phylogeny reflects past geologic phenomena, then
biogeographic conclusions drawn from the
mtDNA tree are still sound. The fact that the
phylogeny of other genetic markers may reflect
the effects of earlier or more recent geologic events
does not obviate the biogeographic conclusions
drawn from the mtDNA phylogeny (although it
means that the mtDNA phylogeny does not tell
the "whole story" of the biogeography of the
hellbenders). However, if the inconsistency of
the mtDNA is due to sorting of mtDNA varia-
tion present in a widespread ancestral popula-
tion, the mtDNA phylogeny is not a reflection
of past geologic phenomena but is instead an
artifact of random lineage extinction. This seems
unlikely for two reasons. First is the extremely
low gene flow mentioned earlier. Low gene flow
means that geographic distribution of rapidly
evolving molecules is likely to reflect relation-
ships among populations and that widespread
polymorphisms are unlikely (Neigel and Avise
1993). Widespread polymorphisms involving di-
vergent haplotypes have never been documented
in organisms with low gene flow (Avise et al.
1987). Second, there are large genetic distances
between the major groups ofhaplotypes. Several
authors have shown that the consistency prob-
ability between gene trees and population trees
is expected to be high when internodal distances
are large, especially if sample sizes are larger than
three or four individuals per population (Pamila
and Nei 1988; Takahata 1989; Hey 1991). In
any event, the consistency between the organ-
ismal and mtDNA phylogenies for C. allegan-
iensis can be tested by comparing the mtDNA
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FIG. 5. A. Area cladogram of Central Highlands riv-
ers based upon analysis of fish species relationships
(Mayden 1988), including only drainages from which
hellbenders were sampled for this study. B. Analogous
area cladogram based on hellbender mtDNA phylog-
eny.

phylogeny to those estimated from a variety of
nuclear genetic markers (Wu 1991).

Second, the biogeographic conclusions of
Mayden's (1988) study may not be correct. This
could be due to violation of the assumptions of
Mayden's method or to statistical error in the
estimation of the phylogenies of the individual
fish taxa (reconstructions were not tested statis-
tically). The large number of fish taxa used in
Mayden's study means that spurious correlations
among phylogenies are an unlikely cause of error,
however.

Third, the assumptions of the Templeton et
al. algorithm may not be met by our data set.
The major assumption is that a single mutation
rate describes evolution in all the restriction sites
in our data set. None of the restriction sites re-
quire numerous changes on any of the most par-
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simonious trees, suggesting the mutation rates
do not vary greatly. However, small rate varia-
tions are likely. The robustness of the algorithm
to small deviations in mutation rate has not been
explored.

Finally, it may be that the hellbender mtDNA
phylogeny is correct but represents the results of
dispersal, temporally different vicariance, or oth-

er unique events that have obscured the effects
of the geologic history detectable in the fish study.

We believe this is the most likely explanation.
Differences in the ecology and dispersal ability
between the hellbenders and the fish species stud-
ied by Mayden could result in the species re-
sponding differently to geologic phenomena. It
will be interesting to see whether relationship
patterns among other species with low vagility,
an upland ecology, and dependence on rocky
substrate are similar to those of the hellbenders.

Several of our conclusions (e.g., the relation-

ships of southern Ozark and New River popu-
lations to those of the Tennessee River; the par-
aphyly of C. a. bishopi) can be drawn because
the explicit model of Templeton et al. (1992)
allows greater resolution of the phylogenetic tree
in our case. We believe this approach will be
useful for other biogeographic studies of wide-
spread species, especially when out-group root-
ing is not feasible. Work on sculpins (C. Phillips
pers. comm. 1994) and crayfish (K. Crandall pers.
comm. 1994) isalready in progress and may help
elucidate the biogeographic history of the Central
Highlands. The use of the Templeton et al. al-
gorithm is certain to aid the analysis of these

data sets, because the out-groups in these cases
are relatively distantly related to the in-group.
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APPENDIX
Sample sizes and mtDNA haplotype frequencies for populations of Cryptobranchus alleganiensis.

Collection site N
Big Piney River 65
Gasconade River 13
Niangua River 26
Meramec River 42
Current River 10
Eleven Point River |
Spring River 7
North Fork of the
White River 17
Little River 12
Beaverdam Creek 8
Copper Creek 16
New River 2
French Creek 13
Slippery Rock Creek 6
Blue River 6
Wabash River |
Sherman Creek 7

Haplotype frequencies

M5:0.877 M6:0.077 M3:0.046
M5:1.000
M6:1.000
MI:0.929
M9:1.000
M9:1.000

M7:1.000

M2:0.077

M8:1.000
T1:0.750
TI1:0.875
V2:1.000
V1:1.000
PI:0.461
11:0.833
11:1.000
11:1000
P1:1.000

T2:0.166 T4:0.083

T3:0.125

11:0.385 P2:0.154

PI:0.167






