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An extensive body of research has recently demonstrated patterns of parallel and/or convergent evolution that arise
from divergent natural selection pressures exerted across environmental gradients. These studies, although
providing some of our best empirical evidence for natural selection, have focused on rather narrow phylogenetic
scopes, more often than not comparing patterns of morphological change among closely-related taxa within a single
genus. Organisms in replicated populations in these studies are often assumed to have accomplished convergence
via similar underlying processes. However, such assumptions cannot be made when looking at evolution across
broader phylogenetic and ecological spectra. In the present study, we assessed morphological change across a much
broader scale to test whether similar evolutionary and developmental patterns underlie convergence. Specifically,
we studied morphological change that has occurred in a novel lake environment (Lake Waccamaw, North Carolina,
USA) where three phylogenetically-disparate fishes representing different orders have speciated and independently
evolved streamlined morphologies relative to their deeper-bodied progenitors occupying nearby streams and coastal
regions. Geometric morphometric analyses revealed that, although the bulk of shape change between environ-
ments is similar across taxa, significant species-specific responses, concordant with differing expectations based
on the ecologies of these taxa, were also found. Moreover, allometry analyses indicated that the developmental
patterns underlying this change also differ across taxa. The present study provides evidence that, within a
common environment, convergence can be achieved by different evolutionary and developmental patterns in
phylogenetically- and ecologically-disparate taxa. Finally, these results contradict the commonly-held hypothesis
that fishes should be more streamlined in streams than lakes and emphasize the need to also consider other
environmental characteristics, such as water clarity and physical complexity, in studies of divergence. © 2009 The
Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 636–645.
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INTRODUCTION

Divergent natural selection has long been implicated
as a major driving force for speciation and has been

invoked as a causal factor for evolutionary change in
many lineages. Unlike purifying or directional selec-
tion, divergent selection results in an increase in
variance in trait space and thus plays an important
creative role in evolution (Gould, 2002). Recent
research assessing the effects of divergent selection
across a variety of environmental gradients is
extensive. In fishes, for example, sticklebacks (Taylor
& McPhail, 2000; Rundle, Vamosi & Schluter, 2003;
Vamosi & Schluter, 2004), coregonid whitefishes
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(Bernatchez et al., 1996; Pigeon, Chouinard & Ber-
natchez, 1997), and poeciliids (Reznick & Endler,
1982; Reznick et al., 1997) have clearly demonstrated
that differences in biotic and abiotic factors among
populations (e.g. water flow, temperature, and preda-
tion regime) can drastically affect morphological and
life history attributes, potentially resulting in ‘ecologi-
cal speciation’ (Schluter, 1996; McKinnon et al., 2004).
In many cases, such morphological differences have
been shown to have direct genetic underpinnings
(Foster & Baker, 2004; Shapiro et al., 2004; Colosimo
et al., 2005) and functional significance (e.g. higher
burst swimming speeds and greater survival of preda-
tory encounters in guppy populations with predatory
fish than without; Ghalambor, Reznick & Walker
2004). Research in this vein provides some of our
richest insights into organism–environment interac-
tions. Much of the recent work on the effects of
divergent selection has focused on comparing patterns
of change (i.e. convergence) among replicated environ-
ments across a narrow phylogenetic scope (e.g. anoles,
sticklebacks, guppies, etc.). In these cases, replicated
populations are likely to accomplish convergence in
similar ways, either because the underlying genetic
architecture or the ecologies of replicated populations
are similar. Conversely, when convergent evolution
occurs across phylogenetically- and ecologically-
disparate taxa, it is not clear whether it is achieved in
similar or different ways, and how extensive species-
specific patterns of morphological change will be. In
the present study, we tested whether similar evolu-
tionary and developmental patterns underlie shape
change in phylogenetically- and ecologically-disparate
fishes that independently evolved elongate morpholo-
gies in a novel environment.

A particularly well-suited system for investigating
the dynamics of recent convergent evolution is Lake
Waccamaw, a bay lake located on the Atlantic coastal
plain in North Carolina, USA. Lake Waccamaw has
relatively clear water and high (nearly neutral) pH as
a result of its location overlying the limestone Wac-
camaw Formation, and supports a diverse fish com-
munity comprised of approximately 42 species (Shute,
Shute & Lindquist, 1981). Using geological and sedi-
mentary core data, Stager & Cahoon (1987) estimated
the lake was formed relatively recently, perhaps
15 000 and 32 000 years ago. Despite this recent
origin, the lake is unique in having a suite of endemic
species (Hubbs & Raney, 1946; Shute et al., 1981),
including three fishes that form the focus of the
present study: Etheostoma perlongum, Fundulus
waccamensis, and Menidia extensa. These fishes
are phylogenetically distant, belonging to disparate
taxonomic orders (Perciformes, Cyprinodontiformes,
and Atheriniformes, respectively) that likely diverged
during the Mesozoic or before (Steinke, Salzburger &

Meyer, 2006). The lake endemics also differ in ecology:
M. extensa is a pelagic, schooling zooplanktivore; E.
perlongum is a near-shore, solitary, benthic insecti-
vore; and F. waccamensis is a mid-water shoaling
species but feeds in the benthos.

In 1946, Hubbs and Raney described the ende-
mic Lake Waccamaw fishes and hypothesized that
they share sister relationships with three
widely-distributed, allopatric riverine/coastal species:
Menidia beryllina (Cope), Etheostoma olmstedi Storer,
and Fundulus diaphanus Lesueur. Subsequent phy-
logenetic studies have generally supported these
relationships (Shute, 1984; Wiley & Mayden, 1985;
J. M. Quattro, unpubl. data). All three endemics are
morphologically similar to their respective sister
species with the exception of having ‘stretched’ mor-
phologies (long and slender bodies) with concomitant
higher longitudinal meristic features (e.g. vertebrae
and lateral scale counts). Although the adaptive sig-
nificance (if any) of this long, slender morphology is
unknown, Hubbs & Raney (1946) posited that the
Waccamaw endemics are adapted to evading preda-
tors in the clear, open waters of the lake and are thus
more elongate, terete, and streamlined. Evidence
from the functional morphology literature suggests
that such morphology would be conducive to
relatively-high sustained swimming speeds (Webb,
1978; Blake, 1983; Videler, 1993), as might be
expected in open, physically homogeneous, clear-
water environments. Similarly, Wiley & Mayden
(1985) hypothesized that the endemics evolved as
peripheral isolates of their widespread sister species
as a result of local adaptation to the unique condi-
tions in Lake Waccamaw. However, the occurrence of
relatively streamlined body shapes in lakes compared
to streams is perplexing because streamlining is
typically expected in flowing waters (McLaughlin
& Grant, 1994; McGuigan et al., 2003; McGuigan,
Chenoweth & Blows, 2005).

Lake Waccamaw presents a unique evolutionary
‘experiment’ that affords the opportunity to study the
dynamics of convergent evolution. The existence of
large numbers of endemics despite the lake’s recent
formation comprises evidence that this is a novel
environment with attendant unique selective regimes
for many taxa beyond fishes. In the present study,
we analysed shape variation in endemic Waccamaw
fishes and their stream and coastal progenitors
aiming to better understand the evolutionary pro-
cesses underlying the origin of this unique fauna and
to gain insight into the dynamics of natural selection
across phylogenetically- and ecologically-disparate
taxa. Our primary goals were to test whether the
streamlining noted by Hubbs and Raney was accom-
plished in a similar manner in the three Lake Wac-
camaw endemics, and whether allometric patterns
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differed across the three genera. Specifically, we were
interested in testing whether particular regions of the
body changed in similar ways across taxa or, alterna-
tively, whether they each responded uniquely to the
novel lake environment. Similar responses across
species that vary strongly in phylogeny, behaviour,
and life history would provide strong evidence for
selective pressures arising from environmental differ-
ences between stream and lake environments. Failure
to detect similar patterns of divergence would suggest
that other factors such as constraint (functional,
developmental, etc.) or historical contingency might
have played an important role in the evolution of this
unique lacustrine fauna (Gould & Woodruff, 1990;
Losos et al., 1998; Langerhans & DeWitt, 2004).
Finally, to test whether the patterns underlying
body elongation in the lake were similar among
genera, we compared allometric trajectories across
environments and taxa. We tested whether stream
and lake species differed in the rate and/or covariance
of allometric change (i.e. whether the developmental
patterns underlying body elongation were similar
across taxa).

MATERIAL AND METHODS

Lateral body-shape of stream-lake pairs was analysed
using landmark-based geometric morphometrics
(Bookstein, 1991; Rohlf & Marcus, 1993) on preserved
specimens from the North Carolina State Museum of
Natural History. For the stream species, whenever
possible, we used specimens from the Waccamaw
River, a distributary of Lake Waccamaw. However,
sufficient material was not always available and, in
those instances, specimens from nearby drainages
were used. Specific collection locality data are avail-
able from the corresponding author on request.
Because the lake endemics evolved recently as
peripheral isolates of the widely-distributed stream/
coastal sister species (Wiley & Mayden, 1985), the
stream species were considered the ancestral shapes.
Two-dimensional images of the left side of 868 adult
fishes were captured with a Nikon Coolpix 5400
digital camera. The TPS software series (available
at: http://life.bio.sunysb.edu/morph/) was used for
extracting and processing shape data for 13 land-
marks (Fig. 1). Generalized Procrustes analysis (GPA)
was performed to remove variation in landmark con-
figurations arising from differences in position, size,
and orientation (Rohlf & Slice, 1990). Shape data
consisting of partial warps and two uniform scores
were calculated and used for statistical analyses.
Shape data were first collected for each genus aligned
separately, and then for all three genera together in a
combined analysis.

SHAPE DIVERGENCE ANALYSIS

Principal components analysis (PCA) was conducted
on shape data to visualize overall patterns of shape
variation, first for each of the three genera separately
to summarize within-genus patterns of variation, and
then on the combined dataset to compare patterns
of variation among genera. Next, a two-factor multi-
variate analysis of variance (MANOVA) was conducted
using R (http://www.r-project.org) to compare the
variation associated with factors potentially influ-
encing shape. The linear model included genus (G),
environment (E; lake or stream), and genus by
environment interaction (G ¥ E; i.e. species-specific
effects) as fixed effects. The G ¥ E interaction essen-
tially measures whether at least one genus has a
unique pattern of shape change.

However, a significant interaction is difficult to
interpret, as it is not readily obvious if the variance
associated is the result of differences in the magni-
tude or direction of shape change among genera in the
multivariate shape space. Accordingly, vector magni-
tudes were measured as the Euclidian distance (DE)
between stream-lake pairs of species by genus and
converted to generalized Mahalanobis distance (DM)
to assess significance (Legendre & Legendre, 1998).
Magnitudes of divergence were compared pairwise
with the test statistic: •• where DEi

and DEj
are the

Euclidian distances between lake and stream species
in genus i and j, respectively. To determine whether
the lake endemics have diverged in a similar direction
in morphospace (i.e. parallel shape divergence), vector
correlations (VC) were calculated and converted to
angular difference (q) with the formula (Cheverud
& Leamy, 1985; Klingenberg & Leamy, 2001):

θ = ⋅⎛
⎝⎜

⎞
⎠⎟

−cos 1 Δ ΔY Yi
T

E

j

Ei jD D
, where Y is the matrix of partial

warps scores and uniform component. Finally, the
‘residual randomization’ procedure of Collyer &
Adams (2007) was employed to determine the prob-
ability that the observed test statistics D DE Ei j− and
q were greater than would be expected from random
pairs of vectors sampled from a null distribution. This
procedure randomizes residuals from a ‘reduced’
model (that only contains G and E effects, but lacks
the G ¥ E interaction) and re-estimates parameters
from the ‘full’ models many times to produce empiri-
cal null distributions of vector length contrasts and
vector correlations. We ran this procedure with
10 000 random permutations.

The advantage of this method is that it randomizes
residuals across G ¥ E interactions without discard-
ing the information contained in the significant fixed
effects. Strongly positively-correlated vectors of shape
divergence among genera would indicate consistent
responses to the novel lake environment (i.e. conver-
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gence) and would suggest that underlying selective
pressures are pervasive. Conversely, weakly or
negatively-correlated vectors would suggest that
other factors such as historical contingency or con-
straint have played a relatively greater role in the
evolution of body shape in these species.

ALLOMETRY ANALYSIS

In addition to considerations of shape differences, we
analysed variation in shape allometries (i.e. change in

shape associated with body size). These analyses are
important for discerning whether shape differences
result from different allometric trajectories. For these
analyses, we used a linear model that contained the
G, E, and G ¥ E effects mentioned previously, but also
log centroid size (CS) as a covariate (as well as
interactions between log CS and main effects). Cen-
troid size was calculated as the square root of the
summed, squared distances of each landmark about
the centroid of the landmark configuration (Book-

Figure 1. Top panel: principal components analysis plots for three Lake Waccamaw endemics (red/squares) and their
respective stream-dwelling sister taxa (blue/triangles) for (from left to right) Fundulus, Menidia, and Etheostoma. The
first two principal components account for between 46.0% and 58.7% of overall shape variation. Middle panel: deformation
grids depicting mean shape for the three stream species (left) and the respective lake species (right). Shape differences
are magnified three times for ease of comparison. Note similar overall patterns of shape divergence among the three
genera, but also the presence of genus-specific differences. Bottom panel: locations of 13 landmarks used in the present
study, primarily consisting of fin origins and insertions.
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stein, 1991). Significant variation associated with log
CS indicates that shape change is associated with fish
growth. Significant variation associated with the
interaction between main effects and log CS indicates
that groups differ in their patterns of shape change
associated with fish growth.

Differences in shape allometries (as described by
the vectors of regression coefficients for different
genus–environment groups) can manifest two differ-
ent ways. First, the magnitude of allometry vectors
can differ. This indicates that groups differ in the
amount of shape change associated with similar
changes in body size (i.e. different rates of shape
change). Second, allometry vectors can differ in ori-
entation as a result of differences in covariation
of shape variables. For example, two genus–
environment groups might exhibit similar amounts of
shape change per unit body size, but one group’s
change is expressed more so by tail elongation than
body elongation.

We used a slight variation of the residual random-
ization method described above to test for differences
in shape allometries. The reduced model was the
same (i.e. contained only G and E effects), but the full
model also contained parameters that estimated the
allometric slopes for every genus–environment group
(i.e. additionally contained the G ¥ E interaction, log
CS, and the interaction between log CS and all other
factors). Shape allometries were estimated as the
vector of regression coefficients of shape variables on
log CS for every genus–environment group, which
were recalculated with every random permutation.
Differences in the length of these vectors indicate
differences in the amount of shape change associated
with fish growth. Differences in vector directions indi-
cate differences in the covariances of shape variables
associated with fish growth. We created null distribu-
tions of vector length contrasts and vector correla-
tions for allometry vectors from 10 000 random
permutations to statistically test these attributes of
shape allometry.

RESULTS

PCA revealed distinct patterns of shape variation
between lake and stream species within each genus

(Fig. 1). In all three comparisons, stream and lake
species occupy distinct portions of morphospace, with
little overlap in Menidia and Fundulus, and slightly
more overlap in Etheostoma. The concomitant gener-
alized Mahalanobis distances were all highly signifi-
cant (Table 1), indicating significant morphological
divergence between environments for each of the
three genera.

PCA conducted on the combined dataset also yielded
interesting results (Fig. 2). Not surprisingly, the
among-genus component of shape variation was large,
with scatter along the first two principle axes largely
resulting from inter-generic differences. Of greater
interest is the third principal component, where the
lake endemics have smaller mean scores than their
stream counterparts, suggesting that variation along
the longest axis of ‘non-intergeneric’ shape variation is
primarily associated with differences between environ-
ments. That is, shape differences between environ-
ments appear to be correlated among genera. However,
inferences about shape divergence in reduced dimen-

Table 1. Euclidian (DE) and generalized Mahalanobis (DM) distances between endemic Lake Waccamaw fishes and their
respective sister species

Comparison DE DM N1 N2 d.f. F P-value

Menidia extensa/Menidia beryllina 0.0539 8.659 285 55 22, 317 147.37 < 0.0001
Fundulus waccamensis/Fundulus diaphanus 0.0371 5.642 274 143 22, 394 129.43 < 0.0001
Etheostoma perlongum/Etheostoma olmstedi 0.0410 4.788 51 60 22, 88 23.20 < 0.0001

Figure 2. Three-dimensional principal components
analysis plot depicting mean shape for each of the three
lake endemics (squares) and the respective stream species
(triangles). Only species means are shown. Not surpris-
ingly, the first two principal components largely account
for variation among the three genera. The third principal
component, however, reveals striking environmental pat-
terns, with lake species having smaller mean values in all
three cases.
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sionality should be regarded with caution because
correlations along particular principal axes might
differ from correlations for the full dataset. As such, we
calculated VC using the entire matrix of PC scores. In
all three comparisons, vectors were positively corre-
lated with VC in the range 0.493–0.773. However,
angular differences between vectors were significantly
different from null expectations in all three cases
(Table 2). The magnitude of shape divergence also
differed for two of the three pairwise compari-
sons (Table 2). Vector lengths differed significantly
between Menidia and Fundulus ( D DE Ei j− = 0 0168. ;
Prand < 0.0001), as well as between Menidia and
Etheostoma ( D DE Ei j− = 0 0129. ; Prand < 0.0001), with
the Menidia vector being longer in both instances.
By contrast, Fundulus and Etheostoma vectors did
not significantly differ in length ( D DE Ei j− = 0 0039. ;
Prand = 0.0780). As expected, MANOVA revealed highly
significant genus (Wilks’ L = 0.02, P < 0.0001) and
environment (Wilks’ L = 0.08, P < 0.0001) effects, as
well as smaller, but significant G ¥ E interactions
(Wilks’ L = 0.64, P < 0.0001).

Deformation grids confirm that the entails majority
of shape change across environments entails ‘stretch-
ing’ along the anterior–posterior axis (i.e. long, slender
bodies in the lake forms) (Fig. 1). Interestingly, the
three lake species appear to become streamlined in
similar ways: all three species have relatively shorter
and more slender heads (particularly in Menidia and
Etheostoma), longer and shallower caudal peduncles,
and more slender bodies. However, as previously
stated, both the direction and differences in the mag-
nitudes of vectors differ from null expectations, imply-
ing the presence of genus-specific responses. These
differences are also evident in the deformation grids.
For example, the stretching appears to be more
extreme in Menidia and Fundulus than in Etheostoma.
This could be a result of Etheostoma already being
more slender-bodied in the stream form. Additionally,
lake Etheostoma appear to be less ‘benthic’ than their
stream counterparts. The lake forms have relatively
up-turned heads and straighter dorsal profiles,
whereas the stream forms have down-turned heads

and ‘arched’ dorsal profiles. These differences are not
evident in the pelagic Menidia and Fundulus.

Allometry analyses also revealed genus-specific pat-
terns (Fig. 3). Etheostoma had a significantly higher
rate of allometric change in the lake compared to
streams (0.075 versus 0.048; P < 0.01), but allometry
vectors did not differ in direction across environments
(43.6°; P = 0.528). Menidia differed in direction (75.1°;
P = 0.020) but not rate (0.055 versus 0.051; P = 0.913)
of allometric change across environments. Fundulus
differed neither in rate (0.039 versus 0.043;
P = 0.337), nor direction (31.0°; P = 0.088) across envi-
ronments. Figure 4 illustrates the predicted shapes
for the smallest and largest specimens of each
species. Largely overlapping distributions of centroid
size across species suggest that allometric differences

Figure 3. Principal components analysis plot depicting
allometric trajectories for three Lake Waccamaw endemics
(squares) and their sister taxa (triangles). Squares and
triangles reflect locations of predicted shapes for the
smallest (small symbols) and largest (large symbols)
individuals.

Table 2. Pairwise comparisons of vectors of shape divergence for three lake-stream species pairs

Vector comparison Vector correlation q Prand D DE Ei j− Prand

Etheostoma/Menidia 0.773 39.4° < 0.0001 0.0129 < 0.0001
Etheostoma/Fundulus 0.493 60.4° < 0.0001 0.0039 0.0780
Menidia/Fundulus 0.725 43.5° < 0.0001 0.0168 < 0.0001

q is the angular difference between two vectors, whereas D DE Ei j− represents the absolute value of the difference in
lengths between vectors i and j. P-values represent the probability of finding a larger test statistic under a null
distribution.
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did not simply result from size differences. Finally, of
the six species, only lake Menidia appears to become
proportionally more elongated through ontogeny.

DISCUSSION

The endemic fishes of Lake Waccamaw afford a unique
opportunity to study morphological divergence across
two different environments and broad phylogenetic
and ecological scopes. Within the lake, three endemic
fish species have independently evolved more elongate
morphologies relative to their respective sister
species. Additionally, positively-correlated vectors of
shape divergence suggest that the underlying pat-
terns of shape change are similar. Shape differences
between environments are largely the result of overall
differences in body depth, as noted by Hubbs & Raney

(1946), with all three lake endemics being longer and
more slender than their stream progenitors (Fig. 1).
More importantly, shape differences are not simply a
result of uniform stretching along the horizontal axis,
but are centered on particular regions of the body.
For example, two of the endemics have shorter heads,
and all three have substantially longer caudal
peduncles than the stream species. Similar morpho-
logical changes are unlikely to arise repeatedly by
chance, suggesting an adaptive component to this
divergence (Schluter, 2001). This morphology (short
head, slender body, and elongated caudal peduncle) is
consistent with theoretical expectations for fishes
adapted for high sustained swimming speeds (Webb,
1978; Blake, 1983; Videler, 1993). Alternatively,
such shape differences could be the result of dietary
differences across environments. This hypothesis is

Figure 4. Comparison of body shape in relation to log centroid size in three Lake Waccamaw endemics (red/squares) and
their sister taxa (blue/triangles). Deformation grids illustrate least-squares predicted landmark configurations for the
smallest (left column) and largest (right column) specimen examined for each species. The center column consists of
histograms depicting log centroid size of specimens in this study, demonstrating largely overlapping distributions of body
size, even across genera.
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unlikely because the slender-bodied lake fishes have
higher vertebral and lateral scale counts in all three
cases (Hubbs & Raney, 1946), suggesting phenotypic
canalization. Another hypothesis, that temperature
differences between the lake and streams account for
higher vertebral counts and, thus more elongate
shape, is also unlikely. ‘Jordan’s Rule’ states that, in
fishes, meristic counts such as vertebrae often
increase with decreasing temperature during develop-
ment (Jordan, 1891; Bailey & Gosline, 1955; Yama-
hira, Lankford & Connover, 2006), which is precisely
the opposite pattern to that observed in the relatively
warm Lake Waccamaw.

Relatively more streamlined morphologies are gen-
erally expected in streams because it reduces drag in
flowing water (McLaughlin & Grant, 1994; McGuigan
et al., 2003; McGuigan et al., 2005). Paradoxically, the
opposite is observed in the Lake Waccamaw endemics,
suggesting the presence of other unknown selective
pressures in the lake. This finding underscores the
need to consider environmental features other than
flow, such as behaviour, microhabitat preferences,
water clarity, and the physical complexity of the envi-
ronment. Lake Waccamaw has significantly clearer
water and large expanses of open water with a sandy
bottom and little physical structure (trees, rocks,
etc.). By contrast, the streams and coastal habitats of
the progenitor species tend to have darkly-coloured or
turbid water with poor visibility and are physically
heterogeneous, with copious woody debris and vegeta-
tion. Such environmental differences affect the behav-
iour of fishes and dynamics of natural selection, with
lake endemics tending to form large schools (in Fun-
dulus and Menidia) in open water and engaging in
more constant swimming. Thus, the expectations for
deep-bodied versus streamlined morphotypes depends
not only on habitat type, such as ‘lake’ or ‘stream’, but
also on the physical, chemical, and biotic character-
istics of those environments.

Although the majority of shape variation is consis-
tent across genera as predicted by Hubbs & Raney
(1946), we also found significant species-specific
responses to the novel lake environment that only
became evident through the use of geometric morpho-
metrics. Angles between vectors of shape divergence
differ significantly from 0° in all comparisons, sug-
gesting that, although the majority of shape diver-
gence is consistent across genera, statistically and
perhaps biologically meaningful differences in shape
change among genera are also present. That is, the
three genera appear to differ subtly in their patterns
of shape divergence, suggesting not only the impor-
tance of novel selective pressures in the lake (i.e.
convergent evolution), but also the importance of
taxon-specific factors. Such differences might reflect
the fine-tuning of morphology to the unique ecologies

of the endemics. For example, as stated previously,
the stretching appears to be more extreme in Menidia
and Fundulus than in Etheostoma, and the Menidia
vector is significantly longer than both the Fundulus
and Etheostoma vectors. This is not unexpected, and
it is reasonable to assume that selection for high
sustained swimming would act more strongly on the
pelagic Menidia and Fundulus than on the benthic
Etheostoma. Additionally, lake Etheostoma have rela-
tively upturned heads and straighter dorsal profiles
(i.e. less ‘benthic’) compared to their stream counter-
part, which comprises a pattern that is not seen in
the pelagic Fundulus and Menidia. This difference
could reflect a release from pressures on Etheostoma
to maintain close association with the current bound-
ary layer in flowing water, in lieu of a more pelagic
morphology in the lake. Whether such differences in
morphological divergence arise as a result of histori-
cal contingency, constraint, and/or species-specific
selective pressures remains known. We speculate that
differences in feeding ecologies and behaviour under-
lie genus-specific patterns of divergence and might
play a role in constraining the evolution of shape,
particularly in the head region.

Additionally, our allometry analyses suggest that
the evolutionary and developmental patterns under-
lying body elongation differ among the three genera.
Etheostoma has a significantly faster rate of allo-
metric change in the lake, but does not differ in
direction of allometric change between environments.
Menidia has different directions of allometric change,
but not different rates. Fundulus species differed
neither in rate, nor direction of allometries. These
data suggest that, even in a common environment,
phylogenetically- and ecologically-disparate taxa can
accomplish convergence in different ways.

Given the presence of streamlined morphology in
the three endemics, a natural question is whether the
other approximately 39 fish species in Lake Wacca-
maw show similar morphological patterns. A fourth
endemic from the lake, ‘Notropis waccamanus’, was
described (Fowler, 1942), but later synonymized with
Notropis petersoni, a stream species (Frey, 1951).
Shape comparisons of N. waccamanus and N. peter-
soni show a similar, albeit less extreme morphological
pattern compared to that seen in the three endemics
(T. J. Krabbenhoft, unpubl. data). In this case, almost
all of the difference in shape is located in the caudal
peduncle, with N. waccamanus having a longer tail
than stream N. petersoni. Although detailed shape
analyses are lacking, other species in the lake do not
appear to have evolved elongated morphologies. Many
of these are infrequent visitors to the lake and are
more abundant in the Waccamaw River, a distribu-
tary of Lake Waccamaw. Contemporary gene flow
exists between the lake and river populations in these
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species, potentially masking selection for elongate
morphology in the lake.

Lake Waccamaw presents a previously unexploited
opportunity to examine the effects of divergent
natural selection arising from novel environmental
conditions on phylogenetically-disparate fishes. The
combination of high rates of endemism and the recent
formation of these lakes suggests that substantial
selective pressures underlie this divergence. Addition-
ally, this research demonstrates that Lake Wacca-
maw, although small, is a rather unique source of
aquatic biodiversity and represents a novel lacustrine
system worthy of conservation focus.
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