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Abstract Associations between the morphology of an-
imals and their ecology have contributed to our under-
standing of phenotypic diversity by helping to relate
form and function. Most early studies on fishes used
traditional measurements of linear distances on the body
or fins to quantify morphological variation among taxa.
More recently, geometric morphometric analyses have
gained popularity for assessing phenotypic shape varia-
tion. Along with new methodologies for quantifying
morphological variation, researchers have become in-
creasingly aware of the influence of phylogeny on mor-
phological and ecological traits. Our study, which
spanned seven cyprinid genera, assessed the abilities
of traditional and geometric morphometric approaches

to characterize ecologically relevant morphological var-
iation. Furthermore, we compared morphometric ap-
proaches employing two analyses (partial Mantel test
and Phylogenetic Canonical Correlation Analysis
(PCCA)) that test for correlations among data sets while
explicitly accounting for phylogenetic relationships.
Traditional morphology and body shape showed similar
correlations with habitat use in all analyses. In contrast,
only traditional morphology was correlated with diet;
however, this was only revealed by the PCCA. Our
findings indicated the taxonomic span of species under
study and the statistical treatment of data are important
factors to consider when choosing between traditional or
geometric morphometric approaches. In addition, a bet-
ter understanding of phylogenetic relationships will im-
prove our ability to establish associations between mor-
phology and ecology.

Keywords Cyprinidae . Ecomorphology. Geometric
morphometrics . Phylogenetic canonical correlation
analysis . phytools

Introduction

Relationships between morphology and ecology of an-
imals have been recognized for centuries, dating to early
Sanskrit writings on the morphology of fishes from
different environments and to Aristotle’s “Historia
Animalia” (Matthews 1998). In modern ecology, Carl
Hubbs was one of the first to summarize relationships
between morphology and ecology in a chapter on the
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morphological correlates of hydrology in fishes (Hubbs
1941). Application of multivariate techniques applied to
morphology of animals for taxonomic purposes in the
1970s was soon followed by use of these approaches to
predict ecological relationships, giving rise to the disci-
pline of “ecomorphology”. Noteworthy early contribu-
tions to the field were those of Findley (1973, 1976) for
bats, Gatz (1979a, 1979b) for fishes, Ricklefs and Cox
(1977) for birds, and Ricklefs et al. (1981) for lizards.
After these seminal contributions, numerous studies
followed (e.g., Winemiller 1991; Douglas and Mat-
thews 1992; Winemiller 1992; Winemiller et al. 1995)
in which an ecomorphological approach was used to
predict or compare ecological relationships within fish
communities (reviewed inMatthews 1998 pp 403–410).

Essentially all of the ecomorphological studies of
fishes cited above, and numerous others since (e.g., Piet
1998; Pouilly et al. 2003; Herler 2007; Ibañez et al.
2007; Hoagstrom and Berry 2008; Reecht et al. 2013),
used traditional morphometric measurements of linear
distances on the body or fins, more or less following
Hubbs and Lagler (1941). Overall, these measurements
appear to capture useful information about the ecology
of fish species in communities (e.g., microhabitat asso-
ciations and dietary preferences; Matthews 1998).
Nonetheless, multivariate analysis of these measures
presented several statistical issues, most notably uncer-
tainty of how to control for allometric relationships,
deflated statistical power for distinguishing shape, and
the inability to graphically represent shape because geo-
metric relationships among variables are not retained
(Adams et al. 2004; McCoy et al. 2006). These concerns
led to the development of a novel approach to quantify
morphology termed geometric morphometrics (Rohlf
and Marcus 1993a, 1993b), also commonly called anal-
ysis of shape. This approach was first described by
Strauss and Bookstein (1982), in which form is summa-
rized by documenting as cartesian coordinates the posi-
tion of a series of homologous, repeatable landmarks
(e.g., tip of snout, origin or insertion of dorsal fin) on the
bodies of fishes (typically viewed laterally). Geometric
morphometric analyses have been used extensively in
ecology (Breno et al. 2011; Colborne et al. 2013;
Franssen et al. 2013) as well as in systematics (Rohlf
1998) to characterize general shapes of fishes. Due to its
prevalence in such studies, the geometric morphometric
approach has been touted for initiating a “revolution” in
morphometric analysis (Rohlf and Marcus 1993a,
1993b; Adams et al. 2004).

In parallel with the advent of new methodologies for
assessing morphological variation, researchers have be-
come increasingly aware of the importance of accounting
for phylogenetic nonindependence in comparative stud-
ies (Felsenstein 1985; Harvey and Pagel 1991). Species
sharing a common ancestor more recently tend to be
more similar to each other than they are to more distantly
related species and thus, interspecific data are not likely
to be independent. The goal of most ecomorphological
studies is to causally link morphological variation to
organismal ecology (i.e., structure and function to envi-
ronmental context; Wainwright and Reilly 1994; Norton
et al. 1995). However, two traits (e.g., morphology and
microhabitat use) might be correlated across a group of
species due to phylogeny rather than ecological factors
repeatedly shaping phenotypes of species (Felsenstein
1985; Harvey and Pagel 1991; Freckleton et al. 2002).
Therefore, assessing and accounting for variation due to
phylogeny is of key importance to distinguish pattern
( c o r r e l a t i o n ) a nd p r o c e s s ( c au s a t i o n ) i n
ecomorphological relationships (Wainwright and Reilly
1994; Norton et al. 1995). To this end, several analytical
methods have been developed to quantify the influence
of phylogeny on trait evolution, typically termed phylo-
genetic signal, and for analyzing different types of data in
a phylogenetic comparative framework (Felsenstein
1985; Grafen 1989; Maddison 1990; Freckleton et al.
2002; Blomberg et al. 2003). In tandem, many software
programs and statistical packages have been developed to
perform these analyses (Martins 2004; Paradis et al.
2004; Revell and Harrison 2008; Maddison and
Maddison 2011; Revell 2012), including some specific
to geometric morphometric data (Adams and Otárola-
Castillo 2013).

Given the diversity of available methodological and
analytical approaches, appropriately incorporating tradi-
tional and novel morphometric analyses is of foremost
interest in ecomorphological endeavors (Norton et al.
1995). Here, we compared different ways to quantify
and analyze interrelationships among morphology,
ecology, and phylogeny. To do so, we combined
previously published morphological and ecological
data from Douglas and Matthews (1992), newly gener-
ated geometric morphometric data, and phylogenetic
analysis of mitochondrial DNA sequences. Douglas
and Matthews (1992) empirically assessed the ability
of morphological measures to predict ecology in a fish
assemblage. They used a series of traditional morpho-
logical measurements for body and fin structures to
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predict habitat use and diet for 17 native fishes from five
families in the Roanoke River, Virginia, USA. They
found that multivariate morphological analysis effec-
tively sorted species by family, suggesting an influence
of phylogeny, and that morphology was related to mi-
crohabitat use within a subset of eight minnow species
(cyprinidae; Douglas and Matthews 1992). Because
Douglas and Matthews (1992) used traditional morpho-
logical measures, we generated geometric morphomet-
ric data for the same eight minnow species that demon-
strated morphological-ecological correlations (Luxilus
albeolus, Campostoma anomalum, Luxilus cerasinus,
Clinostomus funduloides, Nocomis leptocephalus,
Lythrurus ardens, Chrosomus oreas, Rhinichthys
atratulus) using specimens originally collected from
the Roanoke River in the 1970s. We then combined
our new geometric morphometric data with the tradi-
tional morphology, diet, and habitat use data (Surat et al.
1982; Douglas and Matthews 1992) to examine differ-
ences between the two different morphometric ap-
proaches to predict the ecology of fishes. Although
comparisons between traditional and geometric mor-
phometrics have been made previously (e.g.,
Maderbacher et al. 2008), our study aimed to explore
relationships between morphology and species’ ecology
generated by these disparate methodologies. Further-
more, given that phylogeny can be a major influence
on both morphology and ecology (Eggleton and Vane-
Wright 1994; Freckleton et al. 2002; Vitt and Pianka
2005; Losos 2011), we examined morphometric ap-
proaches employing two analyses that test for correla-
tions among data sets while accounting for phylogenetic
relationships. These two analytical approaches consid-
ered phylogeny in different ways and thus, we also
compared results between analyses to gauge any advan-
tages or shortcomings with respect to their use in
ecomorphological studies.

Materials and methods

Study species and data sources

We compiled traditional morphological, habitat use, and
diet data for eight species of cyprinids (Luxilus albeolus,
Campostoma anomalum , Luxi lus cerasinus ,
Clinostomus funduloides, Nocomis leptocephalus,
Lythrurus ardens, Chrosomus oreas, Rhinichthys
atratulus) from the Roanoke River, VA, USA, from

Douglas and Matthews (1992). We also quantified geo-
metric morphometric variation using specimens collect-
ed from the Roanoke River in 1978, and inferred phy-
logenetic relationships of species using mitochondrial
DNA sequences.

Traditional morphology

Thirty-five traditional morphological measurements on
the body and fins were taken by William J. Matthews
(Douglas and Matthews 1992) from ten individuals of
each species (Fig. 1; Appendix S1). To size-correct
morphological measurements for all species, we
Log10-transformed all measurements, regressed each
variable against Log10-transformed Standard Length
(SL), and retained the residuals (Collar et al. 2005;
Collar and Wainwright 2006). For each species, we
calculated the mean residual value for each morpholog-
ical measurement and used these size-corrected means
to construct a pairwise dissimilarity matrix using taxo-
nomic distances in NTSYS v.2.2 (Rohlf 2009).

Body shape

Body shape of each species was quantified using geo-
metric morphometric analyses in the tps software (Rohlf
2004). We digitally photographed a total of 130 individ-
uals (mean = 16.25 per species, range: 3–20;
Campostoma anomalum had the smallest sample size)
on the left lateral side with a reference scale. We ran-
domized the order of the digitized photographs using
tpsUtil (Rohlf 2004) to reduce potential bias associated
with the sequence in which specimens were
photographed and subsequently landmarked. On each
specimen, 10 homologous landmarks were set on dis-
tinct anatomical points (Fig. 2). We resized landmark
coordinates using the reference scale and aligned all
species together using least-squares superimposition to
remove the effects of scale, translation, and rotation with
the program tpsRelw (Rohlf 2004; Appendix S1). We
calculated relative warps and uniform components (i.e.,
weight matrix, hereafter referred to as shape variables,
n=16) as well as centroid size (the square root of the
sum of the variances of the landmarks about that cen-
troid in x- and y-directions, a measure of fish size) using
tpsRelw (Rohlf 2004). To control for allometric varia-
tion in shape data in a manner consistent with traditional
morphological methods, we regressed each shape vari-
able against Log10 (centroid size), saved the residuals,

Environ Biol Fish (2015) 98:713–724 715



and calculated the mean value for each species. We used
these size-adjusted shape variable means to construct a
pairwise dissimilarity matrix based on taxonomic
distances.

Habitat use

We obtained habitat use data for the eight species from
Douglas and Matthews (1992). Data on water velocity,

predominant substrate size, water depth, and position in
the water column were collected from several seine
hauls within mesohabitats (e.g., pool, riffle, run); sample
sizes ranged from 363 to 2,395 individuals per species.
Each habitat variable was divided into categories based
on natural breaks: water velocity (0–25, 26–75, and
≥76 cm/s), substrate size (≤5, 6–18, 19–33 cm, and
solid), water depth (0–35, 36–75, and ≥76 cm), and
position in water column (benthic, non-benthic). Habitat
use for each species was based on percent occurrence
within each category (Appendix S1). We arcsin-square-
root transformed the proportion of occurrences in each
category and constructed a pairwise dissimilarity matrix
using taxonomic distances.

Trophic ecology

We quantified the trophic ecology of each species using
11 diet categories from Douglas and Matthews (1992);
sample sizes ranged from 20 to 120 individuals per
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Fig. 1 Traditional morphological
characters measured on all species
byDouglas andMatthews (1992):
(1) Standard Length, (2) pre-
dorsal fin length, (3) tip of snout
to maximum depth of body, (4)
head length, (5) head depth, (6)
pre-pectoral fin length, (7) pre-
pelvic fin length, (8) pre-anal fin
length, (9) length of pectoral fin
base, (10) pectoral fin length, (11)
body depth, (12) dorsal fin height,
(13) length of dorsal fin base, (14)
length of pelvic fin base, (15)
pelvic fin length, (16) length of
anal fin base, (17) anal fin height,
(18) caudal peduncle depth, (19)
caudal peduncle length, (20)
vertical span of caudal fin, (21)
snout length, (22) snout to
occiput, (23) eye diameter, (24)
upper jaw length, (25) lower jaw
length, (26) suborbital distance,
(27) postorbital distance, (28)
distance between nares, (29) pre-
naris length, (30) interorbital
distance, (31) head width, (32)
maximum body width, (33)
caudal peduncle width.
Characters of height of opened
mouth and gape width not
pictured

Fig. 2 The 10 homologous landmarks set on the eight species of
cyprinids to assess geometric morphological variation (i.e., shape
variation) among taxa
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species. For each diet category, the percent occurrence
in the stomachs of individuals of each species was
quantified (Appendix S1). We arcsin-square-root trans-
formed the proportion of occurrences of each diet cate-
gory and constructed a pairwise dissimilarity matrix
using taxonomic distances.

Phylogenetic relationships

Because the ecomorphological analyses we performed
(described below) used different types of data to account
for phylogeny, we quantified phylogenetic relationships
of species in two ways. First, we calculated pairwise
genetic distances between species using cytochrome b
(cytb) mitochondrial DNA (mtDNA) sequences. We
downloaded cytb sequences of each species from
GenBank (Appendix S1), aligned them using the MUS-
CLE algorithm in Geneious Pro v.5.5.7 (Drummond
et al. 2012), and checked them by eye. The final cytb
alignment was 1,140 base pairs with complete coverage
for all eight species and no gaps or premature stop
codons. We then calculated a pairwise maximum likeli-
hood (GTR) genetic distance matrix in PAUP*v.4.0
(Swofford 2003).

Second, we inferred the phylogeny of the eight focal
species using Bayesian inference in MrBayes v.3.2
(Ronquist et al. 2012). We downloaded partial cyto-
chrome c oxidase 1 (cox1) mtDNA sequences for each
species from GenBank (Appendix S1) and concatenated
them with their respective cytb sequences from above.
We also downloaded cytb and cox1 sequences for the
Eurasian cyprinid, Tinca tinca, for use as an outgroup
(Bufalino and Mayden 2010). We aligned all sequences
and checked them by eye as above. The concatenated
cytb and cox1 alignment was 1792 base pairs with
complete coverage for all species and no gaps or pre-
mature stop codons. We conducted two independent
runs in MrBayes consisting of three heated and one cold
chain for one million generations retaining every 1000th
sample. We applied a separate substitution model to
each codon position within each gene and unlinked all
parameters across partitions (i.e., a partitioned analysis).
The best model for each partition was chosen using the
Akaike Information Criterion (AIC) in jModelTest
(Posada 2008) and models were as follows: SYM+Γ
for cytb first positions, GTR+Γ for cytb second and
third positions and cox1 first and third positions, and
F81 for cox1 2nd positions. We used default priors and
assessed burn in within runs and convergence between

runs using the program AWTY (Wilgenbusch et al.
2004; Nylander et al. 2008) and by viewing plots of—
lnL and parameter values in Tracer v.1.5 (Rambaut and
Drummond 2007). We discarded trees sampled before
burn in (20 %), combined post-burn in trees from the
two independent runs, and generated a Bayesian con-
sensus phylogram.Most nodes in the consensus tree had
posterior probabilities of 1.0 except one node was 0.98
and one was 0.93. A Bayesian posterior probability
≥0.95 is typically considered strong nodal support
(Felsenstein 2004); therefore, we considered phyloge-
netic uncertainty to be minimal and proceeded with
analyses using the consensus phylogram. We made this
tree ultrametric using nonparametric rate smoothing in
TreeEdit v.1.0 (Sanderson 1997; Rambaut and
Charleston 2001) and then pruned the outgroup taxon,
leaving the eight focal minnow species (Fig. 3).

Data analysis

To visualize relationships among species in morpholo-
gy, body shape, diet, habitat use, and genetic relatedness
(genetic distances), we constructed phenograms in
which species were clustered using the Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) in
NTSYS (Rohlf 2009).

In the first analysis, we tested for correlations be-
tween morphology (traditional morphology and body
shape), ecology (habitat use and diet), and phylogeny
using standard Mantel tests (Mantel 1967). To compare
results while accounting for phylogenetic relationships,
we also tested for correlations between matrices using
partial Mantel tests. The partial Mantel tests for correla-
tion between a dependent variable matrix and an inde-
pendent variable matrix while holding other indepen-
dent variable matrices constant (Smouse et al. 1986).
For all partial Mantel tests, we used the pairwise species
distance matrices for morphology, body shape, habitat
use, and diet (i.e., morphology vs. habitat use, morphol-
ogy vs. diet, body shape vs. habitat use, body shape vs.
diet) and input the species genetic distance matrix as a
third constant matrix. We ran standard and partial Man-
tel tests in PASSaGE v.2 (Rosenberg and Anderson
2011) using 999 permutations with two-tailed P-values
to determine significance.

In the second analysis, we used Phylogenetic Canon-
ical Correlation Analysis (PCCA) to test for correlations
between morphology and ecology while accounting for
phylogeny (Revell and Harrison 2008). PCCA is a
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modification of Canonical Correlation Analysis (CCA)
that first corrects for phylogenetic nonindependence
using a phylogenetic generalized least squares transfor-
mation (PGLS; Grafen 1989) based on Pagel’s λ (Pagel
1999; Freckleton et al. 2002). Pagel’s λ is a measure of
phylogenetic signal, which can range from 0 to 1; λ=0
indicates that trait evolution is independent of phyloge-
ny whereas λ=1 indicates that traits are evolving on the
phylogeny under constant-rate Brownian motion
(Freckleton et al. 2002). The use of CCA in
ecomorphology and phylogenetic comparative studies
has a long history (Miles and Ricklefs 1984; Losos
1990; Winemiller et al. 1995; Giannini 2003; Vitt and
Pianka 2005) and is especially well suited to data sets

with many variables that can be divisible into two dis-
tinct groups, such as morphological and ecological var-
iables. CCA computes two sets of derived variables
from two sets of original variables whereby the correla-
tions between the derived variables are maximized
(Miles and Ricklefs 1984; Revell and Harrison 2008).
In the case of PCCA, running the analysis with an
ultrametric tree under λ=0 is equivalent to CCA with
no phylogenetic transformation whereas running with
λ=1 is equivalent to CCA performed on the phyloge-
netically independent contrasts (Felsenstein 1985;
Revell and Harrison 2008).

Because the number of species limits the number of
variables in a PCCA, we first conducted a Principal
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Traditional Morphology Fig. 3 UPGMA trees depicting
morphological (using traditional
and geometric morphometrics),
ecological (diet and habitat use)
and phylogenetic and genetic
distance relationships among the
eight cyprinids examined
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Components Analysis (PCA) on each data set (i.e.,
morphology, body shape, habitat use, and diet) to reduce
the number of variables. For the PCAs, we used the
correlation matrix, retained axes with eigenvalues >1.0,
and saved the Principal Component scores for use in
further analyses (PCAswere conducted in SPSS v.18.0).
PCA resulted in four axes retained for the morphology
data set (explaining 91.6 % of the variation), four axes
for body shape (89.0 %), three axes for habitat use
(86.7 %), and three axes for diet (86.8 %).

We used the Principal Component scores for each
data set (morphology, body shape, habitat use, and diet)
and the ultrametric phylogeny for the eight minnow
species to perform a series of PCCAs using the phytools
package in R (phyl.cca; Revell 2012): morphology vs.
habitat use, morphology vs. diet, body shape vs. habitat
use, and body shape vs. diet.We ran each analysis twice,
under λ=1 and λ=0, to compare results with and with-
out accounting for phylogeny, respectively.

Results

Both morphology and body shape phenograms grouped
C. funduloides, L. cerasinus, and L. albeolus, and split
out L. ardens as the most divergent (Fig. 3). The primary
difference between morphology and body shape clus-
tering was placement of C. oreas and N. leptocephalus.
In the morphology phenogram, C. oreas grouped with
C. anomalum and R. atratulus, but N. leptocephalus
grouped with C. anomalum and R. atratulus in the body
shape phenogram. Clustering of both morphology and
body shape generally grouped fish by more fusiform or
rounded bodies (e.g., C. anomalum, R. atratulus) and
fish that are more laterally compressed (e.g., L. albeolus,
L. cerasinus) fish, and L. ardens as an outgroup in both
cases. It is worth noting C. anomalum had a limited
sample size (n=3) for body shape analysis; however, the
general relationships among species were similar to
those described in Douglas and Matthews (1992) and
thus the small sample size for this species did not seem
to influence relationships among species in this case.
The habitat use phenogram had two major clusters and
somewhat mirrored the morphology and body shape
phenograms by grouping C. oreas and R. atratulus with
C. anomalum and N. leptocephalus. Habitat use group-
ings primarily split fishes that occupied benthic, shallow
habitats (e.g.,C. anomalum) and fishes that occupied the
water column in deeper habitats (e.g., L. ardens).

Similarly, the diet of fishes showed a deep bifurcation,
but contrary to habitat use, this phenogram grouped
C. oreas with C. anomalum and N. leptocephalus, and
grouped R. atratulus with the other species. These gen-
eral groupings reflected high frequency of invertebrates
in the diet (e.g., L. ardens) and fishes that consumed
large amounts of algae and detritus (e.g.,C. anomalum).
The genetic distance phenogram and the phylogeny
show C. oreas as sister to all other species and grouped
L. ardens, L. albeolus, and L. cerasinus, but placement
of other taxa varied.

Standard Mantel tests revealed that both traditional
morphology and shape were correlated with habitat use,
but traditional morphology showed a stronger correla-
tion (Table 1). Neither morphology nor body shape was
correlated with diet; however, diet was correlated with
phylogeny. Using partial Mantel tests to account for
evolutionary relationships resulted in both traditional
morphology and shape still being correlated with habitat
use. Diet was still uncorrelatedwith traditional morphol-
ogy and body shape after accounting for phylogeny.

PCCA revealed significant correlations between tra-
ditional morphology and habitat use as well as shape
and habitat use on the first canonical axes (Table 2). This
was the case for both λ=0 and λ=1. Traditional mor-
phology was also correlated with diet on the first canon-
ical axis; however, the correlation was only significant
under λ=1. In contrast, shape showed no correlation
with diet in the PCCA (Table 2).

Discussion

How to best characterize ecologically relevant morpho-
logical variation is a primary consideration for
ecomorphological studies (Norton et al. 1995). Here
we found that both traditional morphology and body
shape uncovered relationships between morphology and
ecology of eight species of cyprinids. Both traditional
and geometric morphometric approaches quantify linear
distances on a fish’s body, but each also captures some
unique aspects of morphology (Adams et al. 2004). For
example, traditional morphometrics includes fin mor-
phology and considers some three-dimensional aspects
through measures such as gape width and interorbital
distance (Hubbs and Lagler 1941), which lateral-only
shape quantification often ignores. In comparison, geo-
metric morphometrics focuses on the “fuselage” and
captures the geometry of shape (Adams et al. 2004).
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The strong correlation between traditional morphology
and ecology suggests that lateral body measures and fin
lengths captured ecologically relevant morphological
variation among fish species. However, some species,
particularly closely related ones, may differ in more

subtle ways that are better revealed by geometric
morphometrics. In support of this, Maderbacher et al.
(2008) found that closely related cichlids were easier to
differentiate using geometric morphometrics. In our
study, which spanned seven cyprinid genera, traditional

Table 1 Mantel’s r (P-value) from standard and partial Mantel
tests. The lower triangle is results from standard Mantel tests and
the upper triangle is results from partial Mantel tests with genetic

distances included to control for phylogenetic relationships. Sig-
nificant matrix correlations are in bold (P≤0.05)

Traditional morphology Shape Habitat Diet

Traditional morphology – NA 0.76 (0.001) 0.25 (0.185)

Shape NA – 0.45 (0.024) −0.08 (0.684)
Habitat 0.74 (0.001) 0.44 (0.026) – NA

Diet 0.19 (0.305) −0.04 (0.475) NA –

Phylogeny −0.11 (0.653) −0.04 (0.861) 0.13 (0.504) 0.37 (0.019)

Table 2 Results from phylogenetic canonical correlation analysis
(PCCA) testing for correlations between data sets. Pagel’s λ is a
measure of phylogenetic signal; each analysis was performed
under λ=0, which assumes that trait evolution is independent of

phylogeny, and λ=1, which assumes that traits are evolving under
Brownian motion. Significant canonical correlations (Can. Cor.)
are in bold (P≤0.05)

Comparison λ Can. Var. Can. Cor. χ2 df P

Traditional morphology 0 1 0.999 25.31 12 0.013

vs. Habitat 2 0.949 7.60 6 0.269

3 0.450 0.68 2 0.712

1 1 0.999 26.96 12 0.008

2 0.968 8.94 6 0.177

3 0.438 0.64 2 0.727

Traditional morphology 0 1 0.998 20.03 12 0.067

vs. Diet 2 0.829 4.12 6 0.660

3 0.438 0.64 2 0.726

1 1 0.999 24.15 12 0.019

2 0.886 6.18 6 0.404

3 0.639 1.57 2 0.456

Shape vs. Habitat 0 1 0.999 31.24 12 0.002

2 0.951 7.32 6 0.293

3 0.309 0.30 2 0.860

1 1 0.999 29.28 12 0.004

2 0.942 6.87 6 0.333

3 0.330 0.35 2 0.841

Shape vs. Diet 0 1 0.950 9.75 12 0.638

2 0.770 2.76 6 0.838

3 0.148 0.07 2 0.967

1 1 0.970 10.26 12 0.593

2 0.625 1.74 6 0.942

3 0.283 0.88 2 0.883
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morphology and body shape had similar associations
with habitat use, but differed in their associations with
diet. Douglas and Matthews (1992) found that tradition-
al morphologywas significantly correlated with ecology
for the same eight species studied here, but their results
depended on how morphology data were analyzed. An-
alytical methods in traditional morphometrics have sta-
tistical issues, particularly in regards to controlling for
allometric relationships, which can ultimately yield dif-
ferent results (Adams et al. 2004; McCoy et al. 2006;
Mitteroecker and Bookstein 2011). Taken together, the-
se findings indicate that the taxonomic span of species
under study and the statistical treatment of data are
important factors to consider when choosing between
traditional and geometric morphometric approaches.

Across all analyses, habitat use was correlated with
both traditional morphology and body shape. Habitat
segregation among coexisting species is widespread in
fishes (Werner et al. 1977; Gorman and Karr 1978;
Willis et al. 2005; Kano et al. 2013), although the degree
of segregation is likely dependent on habitat availability
(Jepsen et al. 1997). The observation that fishes occu-
pying comparable habitats have similar morphologies
suggests that certain suites of traits are better adapted to
different microhabitats found within streams. Both mor-
phology and body shape phenograms (Fig. 3) grouped
C. funduloides, L. albeolus, and L. cerasinus: all are
“slab-sided” minnows with laterally compressed bodies
and use open-water and pool habitats. Conversely,
L. ardens uses similar pool habitats but its body shape
is more elongate and fusiform compared to the three
species above. The other grouping consisted of
C. anomalum, N. leptocephalus, C. oreas, and
R. atratulus; all are more “round-bodied” species mostly
associated with substrates and occur in both pools and
riffles. In the habitat use phenogram (Fig. 2), the top
four species are essentially substrate affinity species,
whereas the bottom four species are all open-water,
larger pool fishes. These patterns are generally consis-
tent with previous investigations demonstrating that
fishes from lotic habitats often have fusiform morphol-
ogies that reduce drag and facilitate sustained swim-
ming, whereas more laterally compressed body shapes
in lentic waters can facilitate faster burst speeds and
increased maneuverability (Alexander 1967; Gosline
1971; Langerhans and DeWitt 2004; Langerhans
2008).

Given that most ecomorphological studies involve
data on multiple species, accounting for phylogenetic

nonindependence is also an important consideration.
This is necessary in order to determine the extent of
morphological and ecological variation that is causally
linked independent of evolutionary relationships
(Wainwright and Reilly 1994; Norton et al. 1995). In
our analyses, accounting for phylogenetic relationships
did not substantially change results regarding habitat
use. This is likely due to a lack of correlation with
genetic distance (Mantel test) and low phylogenetic
signal in the data (PCCA). In contrast, diet was corre-
lated with genetic distance and incorporating phylogeny
improved correlations between traditional morphology
and diet. This correlation indicates that the trophic ecol-
ogies of these eight fish species are significantly influ-
enced by evolutionary history. Diets of lizards and
snakes are also significantly influenced by phylogeny
with major dietary shifts occurring early in their evolu-
tionary history (Vitt and Pianka 2005; Colston et al.
2010). Douglas and Matthews (1992) found significant
pairwise correlations between morphology, diet, and
phylogeny when analyzing all 17 fish species in their
study, but the correlation between morphology and diet
decreased to non-significance when they accounted for
phylogeny. They did not consider phylogeny in their
analyses on the eight cyprinids, likely because of limi-
tations imposed by using taxonomic ranks. In compar-
ison, DNA sequences used in our study provide a much
better estimate of phylogeny than taxonomic ranks used
by Douglas and Matthews (1992). DNA sequences can
resolve relationships irrespective of taxonomy and pro-
vide estimates of branch lengths, which are important to
determine the amount of time or character change ex-
pected between branching events. In contrast, taxonom-
ic ranks are on an ordinal scale and thus, the number of
available ranks limits phylogenetic resolution and
branch lengths between adjacent ranks are not scaled
to time and therefore considered equal, which is unlikely
both between ranks and across the tree.

We tested for correlations between morphology and
ecology data sets using two analyses (Mantel test and
PCCA) that account for phylogeny in different ways.
The Mantel test has a long history of use in systematics
and ecomorphology (Mantel 1967; Smouse et al. 1986;
Douglas and Matthews 1992). Phylogeny is incorporat-
ed by including a matrix of pairwise species distances
based on genetic distance, patristic distance, taxonomic
rank, or similar measure. Despite its wide use, the Man-
tel test has been criticized for low power and inflated
Type I error in phylogenetic comparative analyses
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(Raufaste and Rousset 2001; Harmon and Glor 2010).
In fact, Harmon and Glor (2010) recommended using
Mantel tests only when data cannot be expressed in any
other way than distances. Phylogenetic Canonical Cor-
relation Analysis (PCCA) is a relatively new analysis
and is among several recent phylogenetic comparative
methods that rely on a measure of phylogenetic signal in
the data (Revell and Harrison 2008; Revell 2012). In
PCCA, phylogeny is incorporated by including an
ultrametric tree with branch lengths, which are then
transformed using Pagel’s λ (Pagel 1999; Revell and
Harrison 2008). Although λ can be estimated directly
and the estimate used in PCCA, a power issue exists in
data sets with low numbers of species, and this may be
worse when jointly estimating λ from sets of variables
such as in PCCA (Freckleton et al. 2002; Revell and
Harrison 2008). Given these issues with estimating λ,
some authorities recommend running analyses under
both λ=0 and λ=1 with the idea being that the actual
value of λ does not matter if one gets similar results
(Schluter 2000; Freckleton et al. 2002; Revell and
Harrison 2008). Our PCCA results did not differ sub-
stantially under λ=0 and λ=1 for correlations between
both measures of morphology and habitat use, but the
correlation between traditional morphology and diet
improved to significance under λ=1 (Table 2). Although
Mantel and PCCA analyses mostly yielded similar re-
sults in our study, previous criticisms of the Mantel test
(Raufaste and Rousset 2001; Harmon and Glor 2010)
and the potential to incorporate an estimate of phyloge-
netic signal in data advocate for the use of PCCA.
Furthermore, PCCA revealed a significant correlation
here that was not evident using traditional Mantel tests.

Because ecological traits can be shaped over both
evolutionary and contemporary timescales, multi-
faceted approaches will likely be most effective at
uncovering relationships betweenmorphology and ecol-
ogy (Norton et al. 1995). New methodological and
analytical approaches will continue to improve our abil-
ity to quantify morphological variation and predict the
ecology of organisms, but more studies are needed to
connect morphological variation to performance and
fitness in order to reveal the underpinnings of how
natural selection drives morphological and ecological
diversification. In addition, a better understanding of
phylogenetic relationships will improve our ability to
establish associations between morphology and ecolo-
gy. In many groups, new molecular-based phylogenies
have changed our views of evolutionary relationships

and indicate that previous phylogenies based on mor-
phology were misled by convergence (Wiens et al.
2005, 2012). Future ecomorphological investigations
will no doubt benefit from incorporating new methods,
analyses, and phylogenetic information, but researchers
will need to consider which approaches may be best
given their questions and the specifics of their study
system.
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