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ABSTRACT: We examined morphological variation in Gyrinophilus porphyriticus in six geograph-
ic regions of the southern Appalachian Mountains and tested competing evolutionary hypotheses
concerning body size and life history variation in this species. Morphology was quantified with a set
of linear distance measures, and three size-adjustment methods were used to generate shape vari-
ables from these values. Phenotypic variation was assessed using each set of shape variables, and
phenotypic differentiation was represented as a matrix of generalized Mahalanobis distances among
populations. Morphological variation was also examined in the context of three historical hypotheses
of the evolution of body size. The relationships among the populations under each hypothesis were
quantified and represented by a design matrix. The association between each evolutionary hypothesis
and the observed phenotypic variation was then determined using Mantel tests.

We found significant phenotypic differences among populations, regardless of which size-adjust-
ment method was used. Populations from the Blue Ridge, Piedmont, and Nantahalas were mor-
phologically similar, while populations from the Balsams, North Cowees, and South Cowees were
each unique and distinct from other groups. None of the evolutionary hypotheses were associated
with phenotypic variation, but when the effect of geography was taken into account, the river
vicariance model was significantly associated with morphology. Thus, there was morphological sup-
port for the river vicariance model. These results, coupled with previous results concerning sexual
isolation between parapatric populations in G. porphyriticus, suggest that morphometric variation

may be a useful diagnostic character in this species complex.
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IDENTIFYING the causes of morpholog-
ical variation is an important component
of evolutionary biology. Genealogical his-
tory, the ability to respond to environmen-
tal changes, selection for adaptive pheno-
types, and other forces all contribute to
morphological variation in natural popu-
lations. It is well known, however, that as-
sessments of phenotypic variation must
take historical factors into account, be-
cause closely related populations are typi-
cally more similar to one another than
would otherwise be expected (Felsenstein,
1985). Therefore, each population cannot
be considered an independent entity, and
the identification of biological trends (such
as the association of morphology and ecol-
ogy) using traditional statistical analyses
becomes difficult.

Modern comparative methods (Garland
et al., 1992; Harvey and Pagel, 1991; Mar-
tins and Hansen, 1996) are designed to
circumvent this difficulty. These proce-
dures use the phylogenetic relationships

Gyrinophilus; Morphometrics; Morphological variability; Design matrices

among taxa to adjust phenotypic variation
prior to the assessment of biological
trends. Briefly, a phylogenetic tree is used
to determine the component of phenotyp-
ic variation explained by shared evolution-
ary descent, which is then removed from
the data through some procedure (e.g.,
Felsenstein, 1985; Grafen, 1989; Harvey
and Pagel, 1991). The variation that re-
mains is thus “corrected” with respect to
phylogeny, and the association between
phenotype and other traits, such as envi-
ronmental variables, can be accurately as-
sessed.

In recent years, comparative biology has
enjoyed a renaissance, and quantitative
methods that use phylogenies to account
for historical events have become widely
used. An alternative approach is not to
control for historical events, but rather to
test explicitly their effects on phenotypic
diversity. With this approach, historical hy-
potheses describing particular events,
(such as migration patterns) are formulat-
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ed, and used to define the relationships
among populations. These relationships
are then converted to a design matrix (Se-
kal et al., 1997), which is a quantitative
representation of the evolutionary hypoth-
esis. Phenotypic differences among popu-
lations are determined, and they are rep-
resented as a morphological distance ma-
trix. Mantel correlation tests (Mantel,
1967; Sokal, 1979) are then used to eval-
uate the statistical association between
each design matrix and the morphological
distance matrix, to determine which his-
torical hypothesis is most consistent with
the observed phenotypic variation.

The Mantel procedure is commonly
used in ecology (e.g., Hudon and Lamar-
che, 1989) and anthropology (e.g., Sokal et
al., 1997; Waddle, 1994), but it has been
underutilized in evolutionary studies (but
see Malhotra and Thorpe, 2000; Tilley et
al., 1990). Recently, Douglas et al. (1999)
examined phenotypic variation among
populations of Gila River cyprinids in
western North America. They constructed
design matrices representing several alter-
native evolutionary scenarios, including
ecophenotypy, hybridization, and several
vicariance models based on river drainage
systems during the Oligocene, Miocene,
Pliocene, and Pleistocene. They found that
a vicariance model consistent with the riv-
er drainages during the Pliocene best ex-
plained current phenotypic variation
among populations. Their work demon-
strates the utility of the Mantel procedure
and of design matrices for statistically
comparing competing evolutionary hy-
potheses.

Morphological variation in the pletho-
dontid salamander Gyrinophilus porphyr-
iticus is well suited for such investigations.
This salamander is found throughout the
Appalachian Mountains and adjacent areas
of eastern North America (Brandon,
1966). Within the southwestern-most part
of the range of G. porphyriticus there ex-
ists considerable geographic variation in
body size that has been suggested to have
taxonomic implications (Bruce, 1972,
1978). Populations found in the southern-
most-interior Appalachians (the Nantahala
Mountains, Balsam Mountains, and Cow-

ee Mountains northwest of Watauga Gap)
attain larger sizes because they reach sex-
ual maturity later than adjacent popula-
tions (the Blue Ridge Embayment, the
Piedmont, and the Cowee Mountains
southeast of Watauga Gap) (Fig. 1; Bruce,
1972, 1978). Because the size (=life his-
tory) variants in the Cowee Mountains are
parapatric and there is no obvious barrier
preventing migration between the popu-
lations, Bruce (1978) suggested that these
size variants might be reproductively iso-
lated. In a laboratory courtship study of
the size variants found in the Cowee
Mountains, insemination resulted in many
within-population crosses and in none of
the between-population crosses (Beachy,
1996), suggesting that Bruce’s (1978) con-
tention of reproductive isolation is tenable.
However, due to the difficulty of collecting
G. porphyriticus in the southern part of
its range, little additional work has been
conducted.

The geographic variation in body size
and life history in G. porphyriticus is im-
portant because it is typical of life history
variation in plethodontids. In general,
those populations that delay maturation
achieve large sizes while accelerated mat-
uration leads to miniaturization (Beachy,
1995; Bruce, 1972, 1978, 1988, 1989; Ryan
and Bruce, 2000; Tilley, 1973, 1980; Tilley
and Bernardo, 1993). However, the hy-
pothesis that evolution in maturation age
has effects on morphological and genetic
differentiation has not been explored
(Beachy, 1995). Our intention was to de-
termine whether population divergence in
life history and body size has been accom-
panied by morphological divergence.

Evaluating the extent to which morpho-
logical divergence is coupled to life history
and body size differences requires explicit
formulation of the historical hypotheses
that have shaped life history evolution.
Several mechanisms explaining the ob-
served life history variation in plethodon-
tids in general and G. porphyriticus in par-
ticular have been proposed. The first mod-
el is a vicariance-based model. Tilley
(1973, 1980) documented elevational gra-
dients in Desmognathus ocoee and D. car-
olinensis, and he suggested an evolutionary
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F1G. 1.—Range of Gyrinophilus porphyriticus examined from six populations in the southern Appalachian
Mountains. The map shows the populations studied (with range in elevation): PD = Piedmont (244 m), BR
= Blue Ridge Embayment (732-1068 m), NA = Nantahala Mountains (1098-1586 m), BA = Balsam Moun-
tains (1525-1769 m), CS = southeast Cowee Mountains (732-1281 m), and CN = northwest Cowee Moun-

tains (1342 m). TN = Tennessee, NC = North Carolina, GA = Georgia, SC = South Carolina.

hypothesis wherein higher survivorship at
higher elevations resulted in selection for
delayed maturation. The consequence is
larger ‘adult body size at higher elevations.
This can be used as an explanatory hy-
pothesis for G. porphyriticus as well. We
refer to this model as the “Elevation” hy-
pothesis.

The second model is also a vicariance-
based model. Migration and gene flow in
plethodontids can be influenced by rivers
(e.g., Voss et al., 1995); for G. porphyriti-
cus, large rivers (e.g., Little Tennessee
River) serve as effective barriers to migra-
tion. Thus we hypothesized that popula-
tions that are adjacent and not separated

by rivers should share more common an-
cestry than non-adjacent and/or river-sep-
arated populations. For example, Cowee
South and Blue Ridge populations would
be hypothesized to exhibit greater similar-
ity than the Cowee South—Balsam com-
parison. We refer to this as the “River Vi-
cariance” hypothesis.

The third model is a dispersal-based
model. Bruce (1972, 1978) suggested that
the more peripheral populations (Cowee
South, Blue Ridge, and Piedmont) expe-
rienced phases of local extinction and re-
colonization. In his model, Bruce (1972)
envisioned the promotion of r-selection
during recolonization of these subpopula-
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tions, resulting in selection for earlier mat-
uration (and, hence, smaller body size).
These recolonizations occurred from ad-
jacent subpopulations/populations (i.e., the
nearest neighbor of a local extinction event
provides the founder for the new popula-
tion). Under this model, one expects that
the peripheral populations (=small size
morphs) should have similar phenotypes
and that the interior populations (=large
size morphs) should have similar pheno-
types. Thus, when considering interior ver-
sus peripheral population comparisons,
there should be greater phenotypic simi-
larity among adjacent and similar-sized
morphs than among non-adjacent and/or
non-similar size morphs. We refer to this
disperal explanation as the “Peripheral Iso-
late” hypothesis.

Because the relationship between life
history variation and morphological differ-
entiation had not previously been explored
in G. porphyriticus, we conducted a mor-
phometric analysis using many of the spec-
imens collected from these populations.
Recent application of morphometric
methods have shown potential for discov-
ering patterns of morphological differen-
tiation and specialization not previously
appreciated (e.g., Adams, 1999, 2000; Ad-
ams and Rohlf, 2000; Caldecutt and Ad-
ams, 1998; Carr, 1996). In the interest of
exploring the history of phenotypic differ-
entiation in G. porphyriticus, we devel-
oped a design matrix (Sokal et al., 1997)
for each of the three hypotheses described
above to determine whether any of these
hypotheses are significantly associated with
variation in body shape in these six popu-
lations. Our null hypothesis was that there
were no differences in size-adjusted body
shape among these populations of G. por-
phyriticus, and that there was no associa-
tion between phenotypic variation and the

three evolutionary scenarios. ,

MATERIALS AND METHODS
Data
We measured a total of 437 specimens
from the six geographically-defined popu-
lations (hereafter called “populations”) of
Gyrinophilus porphyriticus in the south-

ern Appalachian Mountains to quantify
morphological variability (specimens from
the North Carolina State Museum:
NCSM). The localities used were the Bal-
sam Mountains (BA; n = 24), the Blue
Ridge Embayment (BR; n = 147), the
Northwest Cowee Mountains (CN; n =
39), the Southeast Cowee Mountains (CS;
n = 63), the Nantahala Mountains (NA; n
= 145), and the Piedmont (PD; n = 19)
(Fig. 1; Appendix I). From each specimen,
we recorded length from the snout to the
posterior margin of the cloaca (SVL) and
eight other morphometric characters (lin-
ear distance measurements) to the nearest
0.01 mm using digital calipers (Fig. 2).
The other measurements recorded were
head length to the middle of the gular fold
(HL), maximal head width posterior to the
orbit (HW), maximal head depth posterior
to the orbit (HD), distance between the
anterior portion of the orbit and the nostril
(EN), gape width at widest span of the jaw
(GW), trunk length between the axilla and
groin (TL), trunk width posterior to the
forelimbs (TW), and length of the third
left-hind toe (3T). These measurements
were chosen as general descriptors of head
and body morphology because of their re-
peatability (Adams, 2000; Carr, 1996;
Good and Wake, 1992). All measurements
were log-transformed for statistical analy-
ses.

Linear measurements of morphological
characters can be used to compare mor-
phological variability within and among
populations. However, they are usually
highly correlated with body size, so any
statistical differences found among popu-
lations using unadjusted measurements
may simply reflect body size differences,
and not other aspects of phenotypic vari-
ation. To avoid this difficulty, we generated
size-adjusted shape variables, and used
these in all statistical analyses. Many meth-
ods of size-correction exist for sets of lin-
ear distance measurements (Bookstein,
1989; Jungers et al., 1995); we chose to
compare results from three commonly-
used methods: (1) the set of residuals from
regressions of the morphometric charac-
ters on SVL; (2) the set of principal com-
ponent (PC) scores from a PCA of the
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SVL

Fi¢. 2.-Linear measurements of body dimensions
used in morphometric analysis of Gyrinophilus por-
phyriticus. Not pictured are head depth, measured
on the left-lateral side of the head, and gape width,
measured on the ventral side of the head.

morphometric characters and SVL (this
set of variables excludes scores on PCI,
which is generally considered to be gen-
eralized size); and (3) the set of Burnaby's
(1966) size-independent shape variables
using an isometric size vector (Rohlf and
Bookstein, 1987). For each set of shape

variables, phenotypic differentiation
among populations was calculated as gen-
eralized Mahalanobis distance (D?) among
population means. All three sets of shape
variables were used in all subsequent anal-
yses.

We represented each of the three evo-
lutionary hypotheses as a quantitative de-
sign matrix (Sokal et al., 1997). These ma-
trices summarized the |'(‘Izlti(>ns|1ips among
the six populations under each evolution-
ary scenario (Table 1). For the “Elevation”
design matrix, we determined the mean el-
evation for each population (calculated as
the weighted average elevation of all col-
lection localities for that population), and
for every pair of populations calculated the
difference in mean elevation. The “River
Vicariance™ hypothesis was based on rela-
tive geography (i.e., populations must be
adjacent to have the putontiul for gene
flow), and included the Little Tennessee
and Tuckasegee rivers as vicariant mecha-
nisms. Thus populations that were sepa-
rated by rivers, or were not adjacent to one
another, were assigned a 1 in the design
matrix. Only those l)()pll]ilti()ll‘; that were
adjacent and not separated by rivers re-
ceived a zero in the design matrix. The
“Peripheral Isolate™ hypothesis proposes
that the more peripheral populations
(Cowee South, Blue Ridge, and Piedmont;
i.e., those with small body size) are phy-
logenetically distinet from the interior
populations (i.e., those with large body
size). Thus, populations that are adjacent,
not separated by rivers, and similarly sized
were assigned a zero in the design matrix;
l)(]pll](ltltlllk that are not .ul].l('('m' separat-
ed by rivers, and/or have different adult
bud} size were assigned a 1. Finally, a geo-
graphic distance matrix was generated, us-
ing pairwise geographic distances among
populations based on the average latitude
and longitude for each population.

Statistical Analyses
We assessed morphometric variation
among pnpll]altimm using multivariate
.m.ll\sis of variance (M;\\I()\ 'A), and per-
formed multiple comparison tests using
generalized Mahalanobis distance (D?)
from a canonical variates analysis (CVA).
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TABLE 1.—Design matrices representing the evolutionary hypotheses tested in this study. (A) Elevation hy-

pothesis matrix, represented as the difference in elevation in meters. (B) River Vicariance hypothesis matrix.

Populations separated by rivers, and populations that are not adjacent are assigned a 1; all others are assigned

a zero. (C) Peripheral Isolate hypothesis matrix. Populations that are adjacent, not separated by rivers, and

are similarly sized are assigned a zero; all others assigned a 1. (D) Geographic distance matrix, represented
as geodesic distance (in km) calculated from latitude and longitude coordinates.

Population Balsam Blue Ridge Cowee North Cowee South Nantahala Piedmont

A.

Balsam 0.00

Blue Ridge 660.15 0.00

Cowee North 296.59 363.56 0.00

Cowee South 557.59 102.56 261.00 0.00

Nantahala 164.25 495.90 132.34 393.34 0.00

Piedmont 1386.84 726.69 1090.25 829.25 1222.59 0.00
B.

Balsam 0

Blue Ridge 1 0

Cowee North 1 1

Cowee South 1 0 0

Nantahala 1 0 1 0

Piedmont 1 0 1 1 1 0
C.

Balsam 0

Blue Ridge 0 0

Cowee North 1 1 0

Cowee South 1 0 1 0

Nantahala 1 1 1 1 0

Piedmont 1 0 1 1 1 0
D.

Balsam 0.00

Blue Ridge 36.21 0.00

Cowee North 34.89 45.33 0.00

Cowee South 23.22 26.55 19.59 0.00

Nantahala 57.36 49.15 27.71 34.87 0.00

Piedmont 64.18 33.88 79.21 60.31 79.23 0.00

The critical a for the multiple comparison
tests was adjusted using the Bonferroni
procedure, by dividing the standard criti-
cal a of 0.05 by the number of unplanned
comparisons (Sokal and Rohlf, 1995). Phe-
notypic differences among populations
were described using character loadings
on the major CV axes. Analyses were per-
formed on all sets of size-adjusted shape
variables for comparison.

We determined the association between
phenotypic variation and the three evolu-
tionary hypotheses using Mantel tests
(Mantel, 1967: Sokal, 1979). A Mantel test
calculates the association between two
data matrices using the sum of the prod-
ucts of their off-diagonal elements (Sokal
and Rohlf, 1995). This sum of products
(the Mantel Z-coefficient) is typically stan-

dardized to a correlation coefficient, which
is more easily interpretable. The signifi-
cance of the Mantel correlation is assessed
using a randomization test, where the ob-
served correlation is compared to a distri-
bution of correlation coefficients generat-
ed by randomly permuting one of the ma-
trices many times. The strength of the
Mantel test is that it can be performed on
any pair of matrices, regardless of the type
of data from which they were derived.
Therefore, it can be used to evaluate the
association between morphology and a
quantitative hypothesis matrix (e.g., ele-
vation), as well as the association between
morphology and a categorical design ma-
trix (e.g., the Peripheral Isolate model). As
long as the hypothesis can be represented
as a matrix, even complicated evolutionary
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TABLE 2.—Back-transformed means of nine morphological characters listed by population. All measurements
are in millimeters.

Head Head Head Eye to Gape Tail Tail 3 Toe
Population SVL length width depth nostril width length width length
Balsam 777 16.1 10.2 5.3 4.1 9.5 43.1 8.4 3.2
Blue Ridge 71.5 14.7 9.6 4.5 3.5 9.1 40.5 7.4 2.4
Cowee North 81.1 16.0 10.8 5.5 3.9 10.3 46.6 8.3 2.7
Cowee South 73.1 14.3 9.3 4.9 3.5 8.7 41.5 7.6 2.6
Nantahala 79.9 16.5 10.8 5.3 4.0 10.2 452 8.4 2.9
Piedmont 75.8 15.2 9.9 4.8 3.7 9.7 43.5 8.0 2.9
scenarios can be tested (Douglas et al., _ Ty — Fxytyy
1999). Txvz = ; .
) \/(1 = 21— 1y?)

We performed a series of pairwise Man-
tel correlation tests to determine the de-
gree of association between the various
data matrices. First, each evolutionary hy-
pothesis matrix was compared to the three
morphological data matrices to determine
the degree of correspondence between
them. The morphological data matrices
were compared to one another, with the
expectation that the information expressed
in each was similar and thus highly cor-
related. We also calculated the association
between each pair of evolutionary hypoth-
esis matrices to determine whether the
various evolutionary scenarios were corre-
lated. Finally, the evolutionary hypothesis
matrices and the morphological data ma-
trices were tested against the geographic
distance matrix. All Mantel correlation co-
efficients were assessed for significance us-
ing a randomization test with 9999 itera-
tions.

Because geography is known to have an
important effect on patterns of genetic dif-
ferentiation in plethodontids (i.e., an iso-
lation-by-distance model; Tilley et al.,
1990), it was desirable to account for the
geographic relationships among popula-
tions when testing the association between
the evolutionary hypotheses and the ob-
served phenotypic variation. To do this, we
performed a series of three-way Mantel
tests (Legendre and Legendre, 1998;
Smouse et al., 1986). A three-way Mantel
test calculates the partial Mantel correla-
tion between two variables while holding
the effect of a third variable constant (So-
kal and Rohlf, 1995). The partial Mantel
correlation coefficient is calculated as:

where 1y, 1y, and ry, are the pairwise
Mantel correlation coefficients between
the three data matrices. Like the pairwise
Mantel correlation coefficient, the signifi-
cance of the partial Mantel correlation co-
efficient is determined using a randomi-
zation test. We performed three-way Man-
tel tests between each of the evolutionary
hypothesis matrices and the three mor-
phological data matrices while holding the
effects of geographic distance constant.

RESULTS
Morphometric Shape Variation

Mean values for each of the log-trans-
formed characters are found in Table 2.
Using MANOVA, we found significant dif-
ferences among populations, regardless of
which method of size-adjustment was used
(Table 3). Multiple comparison tests
among populations for each set of size-ad-
justed shape variables revealed that all
populations were significantly different
from one another in body shape except for
the Balsams and the Piedmont, even at the
Bonferroni-adjusted o = 0.00333 (Blue
Ridge and Piedmont were also not statis-
tically different for PCA characters). CVA
revealed that populations from the Blue
Ridge, Piedmont, and Nantahalas were
morphologically similar, while populations
from the Balsams, North Cowees, and
South Cowees were more distinct. To de-
scribe the phenotypic differences among
populations in more detail, we inspected
the character loadings on the first CV axis.
For size-adjusted shape data generated
from the Burnaby and PCA methods, we
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TABLE 3.—Summary of multivariate analysis of G. porphyriticus. (A) Results from MANOVA comparisons of
the six geographic populations of Gyrinophilus using each of the size-adjusted shape measures, and (B) matrix

of generalized Mahalanobis distance (D?) among populations based on residual data.

A.
Shape variables Wilks A F df 1 df 2 P-value
Burnaby 0.489 8.231 40 1851 1.03 X 107
PCA 0.457 9.087 40 1851 2.75 X 10~%
Residuals 0.426 9.981 40 1851 4.30 X 107>
B.

Population Balsam Blue Ridge Cowee North Cowee South Nauntahala Piedmont
Balsam 0
Blue Ridge 2.088 0
Cowee North 2.860 1.462 0
Cowee South 2.466 1.776 1.966 0
Nantahala 1.649 0.837 1.560 2.198 0
Piedmont 2.214 1.271 2.066 2.169 1.488 0

found high positive loadings for head
length and gape width on the first CV axis,
and high negative loadings for trunk length
and width, and head width on the first CV
axis. Thus the first CV axis describes the
contrast between salamanders with rela-
tively larger head length and gape width
and smaller trunks (e.g., Nantahalas), ver-
sus salamanders with relatively smaller
head length and gape and larger trunks
(e.g., Cowee South). For data generated
from residuals the same contrast is pre-
sent, but the positive and negative loadings
for the individual characters are reversed.

Association of Shape with Evolutionary
Hypotheses

Results from pairwise Mantel correla-
tion tests are found in Table 4A. Only five
of the 21 pairwise matrix comparisons
were significant at « = 0.05. All three mor-
phometric data matrices were highly cor-
related. The pairwise Mantel correlation
coefficients for these comparisons were
0.92, 0.96, and 0.98, implying that the
three methods for generating size-adjusted
shape variables characterized phenotypic
variability in a nearly identically manner.
None of the evolutionary hypothesis ma-

TABLE 4.—(A) Pairwise Mantel correlation coefficients between each of the seven data matrices (Mantel
correlation coefficients above the diagonal; significance levels below the diagonal). Codes for the various data
matrices are: EL = elevation hypothesis, PI = peripheral isolate hypothesis, RV = river vicariance hypothesis,
GD = geographic distance, SH1 = Burnaby shape variables, SH2 = PCA shape variables, SH3 = residual
shape variables. Significant matrix correlations are represented in bold-face. (B} Association of phenotypic
variation and the three evolutionary hypothesis matrices when holding geography constant in a three-way
Mantel test. Only results from the residual shape variables are shown, because of the high correlation between
the three sets of shape variables. Significance of Mantel correlation coefficients for all analyses was evaluated
using randomization tests based on 9999 iterations.

Al

EL r1 RV GD SH1 SH2 SH3
EL — 0.1055 0.2347 0.7348 0.0695 0.0612 0.0697
PI 0.4097 — 0.7071 0.3349 0.1016 0.1786 0.1619
RV 0.2143 0.0563 — 0.4410 0.4179 0.4591 0.4073
GD 0.0190 0.1505 0.0308 — —0.0337 -(.0823 —0.1390
SH1 0.5104 0.3476 0.1334 0.4554 — 0.9617 0.9208
SH2 0.5251 0.2965 0.1185 0.3897 0.0013 — 0.9847
SH3 0.4870 0.3405 0.1141 0.3598 0.0017 0.0013 —
B.

Alternative models Mantel » P-randomization
Elevation model 0.2559 0.1921
Peripheral Isolate model 0.2235 0.2634
River Vicariance model 0.5273 0.0388
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trices were significantly associated with
phenotypic variation, and none of the evo-
lutionary hypothesis matrices were signifi-
cantly correlated with one another. This
implied that each of the three hypothesis
matrices represented distinct information
concerning possible evolutionary scenar-
ios. Two of the evolutionary hypotheses,
the Elevation model and the River Vicar-
iance model, were significantly associated
with geographic distance. When the ef-
fects of geography were taken into account
using a three-way Mantel test, only the
River Vicariance model was significantly
associated with phenotypic variation (Ta-
ble 4B). Thus it appears that the observed
pattern of phenotypic variation in these
populations is consistent with the idea that
the Little Tennessee and Tuckasegee rivers
prevent substantial gene flow between
otherwise adjacent populations.

DISCUSSION

One goal of evolutionary biology is to
understand the forces driving population
differentiation. In this study, we investi-
gated phenotypic variation among six pop-
ulations of G. porphyriticus found in close
geographic proximity in the southern Ap-
palachian Mountains. Using a set of size-
adjusted shape variables, we found signif-
icant phenotypic differentiation among
populations. When this variation was ex-
amined in light of several evolutionary hy-
potheses explaining life history variation in
G. porphyriticus (elevation, river vicari-
ance, and peripheral isolation), we found
that morphology was not associated with
any of these models. However, when geo-
graphic distance (as in an isolation-by-dis-
tance model; Tilley et al., 1990) was con-
sidered, we found a significant correlation
between morphology and the River Vicar-
iance hypothesis. These findings imply that
an isolation-by-distance model cannot
completely explain the shape variation in
G. porphyriticus, but it can be used to im-
prove the explanatory power of other mod-
els. In addition, these results are consis-
tent with the hypothesis that large rivers
restrict sizable gene flow.

The significant correlation between the
morphometric distance matrix and the

River Vicariance model supports one of
two non-mutually exclusive hypotheses.
First, nearby populations, which are also
separated by a major river, experience sim-
ilar selection for changes in body shape,
and second, these nearby populations
share a recent common ancestry. Suppor’t
for the hypothesis of recent common an-
cestry would imply that drainage history is
a primary factor influencing the phyloge-
netic history of G. porphyriticus. While
many elements of the southern Appala-
chian fauna, including plethodontid sala-
manders, appear to follow this pattern
(e.g., Holt, 1971), an assay of genetic var-
iation in G. porphyriticus would provide a
direct test of this hypothesis.

Coupled with the life history differences
(Bruce, 1972, 1978) and possible sexual
isolation (Beachy, 1996) between Cowee
North and Cowee South populations, this
analysis supports the hypothesis that sig-
nificant divergence exists between these
two populations. Difficulties in courtship
based on body size differences may be
preventing significant gene flow between
these populations (Beachy, 1996). While
significant shape differentiation exists for
almost all pairwise comparisons, this size-
based behavioral-isolating mechanism
does not appear to be able to explain the
remainder of the phenotypic divergence.
Significant shape variation exists when
comparing adjacent, yet similarly sized an-
imals. This suggests that other mecha-
nisms reducing gene flow among popula-
tions may also exist.

In testing for sexual isolation between
the Cowee North and Cowee South pop-
ulations, Beachy (1996) found that 20%
(nine of 45) of within population crosses
resulted in insemination, compared to 0%
(0 of 67) of between population crosses.
This level of isolation is equivalent (and
even exceeds) the level of ethological iso-
lation between well-established species of
sympatric Desmognathus (e.g., Maksymov-
itch and Verrell, 1993; Verrell, 1990), and
suggests that reduced courtship success is
at least correlated with the differences in
body size (Bruce, 1978) and body shape
(this study) in G. porphyriticus. While a
direct assay of interrupted gene flow is not
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currently available, the significant variation
in the life history/body size, in size-adjust-
ed shape, and the apparent sexual isolation
between the Cowee North and Cowee
South populations, certainly suggest that
fixed allozyme differences could be found.
Given that the life history/body size and
phenotypic shape variation exists among
most of the pairwise comparisons, a similar
hypothesis can be suggested for all the
populations that we examined. Clearly, a
detailed genetic study of these populations
of G. porphyriticus would allow further
examination of the phylogeographic and
historical models tested here.

The evolution of accelerated matura-
tion, and consequent smaller body size, in
plethodontids has been hypothesized to be
the result of local adaptation (Bernardo,
1994; Tilley, 1973, 1980). In G. porphyri-
ticus, there are phenotypic differences that
accompany this reduction in body size. A
comparison of head shape between Nan-
tahala and Blue Ridge populations reveals
a reduction in head dimensions that are
independent of body size. Animals from
the Piedmont have heads that are similar
to those from the Blue Ridge, suggesting
common local selection regimes to the
more southeasterly localities. Similar dif-
ferences are observed when comparing the
Cowee North and Cowee South popula-
tions. Individuals from the more interior
population (Cowee North) exhibit larger
values for head shape than the southern
peripheral population (Cowee South). Al-
though it is difficult to demonstrate di-
rectly the importance of among-taxa vari-
ation in head shape, such variation is often
associated with selective factors. Variation
in jaw length and head dimensions in some
plethodontids has resulted in biomechan-
ical variation, which can be associated with
local food preferences in these populations
(Adams, 1999, 2000; Adams and Rohlf,
2000).

The history of the plethodontids has
been difficult to resolve because of the ex-
treme morphological conservatism within
genera and species. As a result, most re-
cent phylogenetic analyses have focused
on molecular data (e.g., Highton, 1997;
Wake and Schneider, 1998). It appears,

however, that shape variation may contain
sufficient biological signal to allow one to
test biogeographic and phylogenetic hy-
potheses in the absence of molecular data.
This would be especially useful in taxa that
are difficult to obtain and that are found
in larger numbers in museum and private
collections. Underlying the analyses pre-
sented here is the question “Do the statis-
tics of shape variation represent phyloge-
ny?” Presumptively, a component of shape
variation is due to a genetic effect and may
be used as an estimate of phylogenetic dis-
tance. However, morphometric pheno-
grams do not always correspond to genetic
distance phenograms (e.g., Carr, 1996;
Shaffer et al., 1991), which are typically
thought to be a more accurate estimate of
phylogeny. At the very least, these data
suggest that evolutionary hypotheses may
be explicitly tested using estimates of phe-
notypic variation.
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APPENDIX I

Specimens Examined

Gyrinophilus porphyriticus BALSAM MOUN-
TAINS, NCSM 40779, 40780, 40789, 40790, 40963—

40981, 41095; BLUE RIDGE EMBAYMENT,
NCSM 41006, 41045, 41046, 41048-41051, 41056~
41067, 41069-41079, 41082—41084, 41088-41091,
41093, 41167-41169, 41180, 42168, 42172, 42177
42187, 42191, 42193-42195, 42197, 42199, 42201-
42203, 4220542210, 42212, 42213, 42215, 42216,
42218, 42564-42570, 42577-42580, 42582, 42586,
42588, 42589, 42592, 42593, 4259542597, 42599,
42601, 42602, 42617, 42626, 42628-42635, 42637~
42639, 4264142644, 42646, 4264842652, 42656—
42661, 42663-42666, 4266842672, 42674, 42675,
42678-42685, 42687; NORTHWEST COWEE
MOUNTAINS, NCSM 41256, 42464, 42465, 42467,
42468, 42470, 42472-42475, 42477-42479, 42481,
42483-42496, 4249942503, 42505, 42506, 42508-
42511; SOUTHEAST COWEE MOUNTAINS,
NCSM 4084440847, 41053, 41129, 4115241154,
41165, 41166, 41221, 41228, 41230, 41231, 42116—
42119, 4212142133, 42138-42141, 42144, 42145,
42148, 42149, 42151, 42152, 42223, 42231-42234,
42236, 42270-42274, 42294, 42295, 41200, 41201,
4121341216, 41219, 41220; NANTAHALA MOUN-
TAINS, NCSM 28164 (9 specimens with same num-
ber), 28178 (4 specimens with same number), 28181
(3 specimens with same number), 4127241274,
42221, 42222, 42230, 4223742242, 42245-42254,
4225742268, 42275, 42277, 42278, 42280, 42282,
492292, 4229842301, 42303, 42305-42313, 42315—
42318, 42320, 4232242324, 42326, 42350, 42351,
42353, 42354, 42356, 42358-42362, 42366, 42367,
42396, 42397, 42400-42402, 42406-42410, 42412,
42414-42421, 42423, 42424, 42426, 42429-42441,
42444-42450, 4245342456, 42283-42290; PIED-
MONT, NCSM 42696, 42697, 42705-42707, 42713,
42715, 42716, 4271942721, 42723, 42725, 42727,
42737, 42738, 42741, 42742, 42746.



