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Fink and Zelditch (1995) recently pro-
posed a method by which one may infer
phylogeny from ontogenetic transforma-
tions of continuous morphological data.
They coded ontogenetic regressions of
shape on size to obtain discrete characters,
which they used as input into a parsimony
analysis. As shape variables, they used
partial warp scores obtained from an anal-
ysis based on thin-plate splines (TPS),
which, they had previously argued, could
be considered homologous characters and
could be used to determine synapomor-
phies on a phylogenetic tree (Zelditch et
al., 1995). Here we discuss several aspects
of their protocol that call into question
their assertion that the ontogeny of shape
(as represented by discrete characteriza-
tions of regressions of partial warp scores)
is a suitable character set for phylogeny es-
timation. A similar note (Rohlf, 1998) dis-
cusses more theoretical objections to their
methodology, and challenges the notion
that partial warp scores viewed separately
are biologically homologous and interpret-
able characters. Additionally, we will ad-
dress two issues raised by Fink and Zeld-
itch (1995). First, does the choice of a
different starting form (reference) result in
a different phylogeny? Second, does the
choice of an alternative basis for tangent
space result in a different phylogeny?

The protocol of Fink and Zelditch (1995)
is as follows. First, a reference configura-
tion is generated as the mean of several ju-
venile specimens from a chosen outgroup
species. Fink and Zelditch chose the aver-
age of three juvenile specimens from one
of their outgroups, Pygopristis denticulata,
as their reference specimen (hereafter
called the reference outgroup). They

aligned the specimens using shape coor-
dinates (Bookstein, 1986), choosing the
long axis of the fish as the baseline, and
calculated the size of each specimen as the
square root of the summed squared dis-
tances from each landmark to the centroid
of that specimen (Gower, 1971). In the ab-
sence of allometry, this measure of size,
called ‘“root centroid size”” (Bookstein,
1991), is the only size variable that is un-
correlated with shape (Bookstein et al,
1985; Bookstein, 1991). The difference in
shape from the reference to each aligned
specimen was then quantified using the
TPS (Bookstein, 1989, 1991). TPS allows
one to mathematically represent the shape
variation present in the configurations of a
set of homologous landmarks as variation
in a set of parameters of an interpolating
function (Bookstein, 1989, 1991), which
represents the transformation of the refer-
ence to each specimen (Rohlf, 1993). From
the reference configuration they calculated
the principal warps, which are used to de-
fine a set of coordinate axes for tangent
space, a linear space approximating the
curved shape space, in which the shapes
of specimens can be compared using stan-
dard linear statistical methods (see Book-
stein, 1991; Rohlf, 1996). By projecting the
x- and y-coordinates of the aligned speci-
mens onto the principal warp axes, Fink
and Zelditch generated a set of shape vari-
ables called partial warp scores for each
specimen. These variables, as well as two
variables representing uniform shape vari-
ation, were then individually regressed
onto log(centroid size) to calculate onto-
genetic shape changes for each species.
Fink and Zelditch argued that because the
principal warp axes represent shape
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change at all noninfinite spatial scales, re-
gressions of shape on size described on-
togenetic shape changes at all spatial
scales as well.

To obtain discrete characters for their
taxa, they coded each ontogenetic shape
regression as either a 0, 1, or 2. This was
done by determining whether the regres-
sion of each partial warp on size was sta-
tistically significant, and in what direction
(i.e., positive/negative) this shape change
occurred. Species with similar changes
were assigned similar coding, with the ref-
erence outgroup species, Pygopristis denti-
culata, always given the character state 0.
For example, two species (P. denticulata and
Serrasalmus gouldingi) both displayed sig-
nificant positive ontogenetic change for
character 20 (partial warp 9y). They each
received a 0 for this character, because P.
denticulata was used as the reference out-
group. The remaining three species (Pygo-
centrus cariba, P. nattereri, and P. piraya) dis-
played no significant shape change for
partial warp 9y and were thus coded as 1.
Fink and Zelditch then used these coded
characters, together with several meristic,
myological and osteological characters, in
a parsimony analysis of the piranha genus.
Finally, they assessed the phylogenetic in-
dependence of these characters by identi-
fying the patterns of character change on
the cladogram. This was done by examin-
ing characters that changed more than
once on the cladogram and determining if
other characters that changed multiple
times diagnosed the same nodes of the
phylogeny. If two characters changed mul-
tiple times at the same nodes of the phy-
logeny, they were considered not phylo-
genetically independent of one another.

The protocol of Fink and Zelditch (1995)
allows comparisons of shape in a manner
that seemingly combines the concepts of
ontogeny and phylogeny. In Figure 2 of
their paper, Fink and Zelditch displayed
what they define as ““net ontogenetic shape
changes’” for each of their five taxa. These
figures were generated by transforming
the juvenile form of each species to the
adult form of the same species using the
thin-plate spline (Zelditch, pers. comm.).

Although we certainly have no difficulties
accepting this as an adequate representa-
tion of ontogeny, their protocol does not
describe ontogeny in the same manner as
is depicted in their Figure 2. Their protocol
explicitly uses the mean juvenile of one
outgroup species as the reference form,
and thus the partial warp scores obtained
describe the shape changes from a mean
juvenile of the reference outgroup species
to adults of each of the ingroup species.
Because the transformations they are inter-
ested in are changes in ontogeny, the prim-
itive (outgroup) condition should not be
thought of as a starting form (Fink and
Zelditch, 1995:347), but rather as a trajec-
tory in shape space. Therefore, characteri-
zations of ontogeny by partial warps re-
quire only the use of a single reference
configuration (Zelditch et al., 1995), but
not the use of a juvenile configuration.

In a recent study, Naylor (1996) evalu-
ated whether the correct tree topology
could be obtained using partial warp
scores as data in a phylogenetic analysis.
He generated a set of differently shaped
imaginary fish that were related by a
known, predetermined phylogeny. At each
node of the phylogeny, a single unique net
shape change was generated, insuring no
homoplasy. Naylor calculated partial warp
scores for each fish, coded them as multi-
state characters, and used them to estim ate
the phylogeny. He found two most parsi-
monious trees, one of which corresponded
to the true tree topology. However, the re-
tention index (Farris, 1989) for these topol-
ogies was 0.48, indicating a large degree of
homoplasy (eight taxa, 70 characters).
When shape characters were mapped onto
the phylogeny, Naylor found little corre-
spondence between the partial warp scores
and the true shape changes that character-
ized the taxa. He argued that because each
partial warp score represents one geomet-
ric aspect of overall shape difference (i.e.,
a decomposition), the biological realization
of such shape differences may not corre-
spond to the individual partial warps, but
to a combination of partial warps. When
taken in sum, the partial warp scores per-
fectly describe all shape differences be-
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tween the various taxa, but when analyzed
individually, this relationship is lost.

It is tempting to assign biological mean-
ing to partial warp axes. However, these
axes are simply a convenient mathematical
(i.e., geometrically orthogonal) description
of tangent space; there is no reason to
think they should individually have any
specific biological relevance (Naylor, 1996).
Biological relevance only comes from the
axes taken together, or more accurately,
from the morphological space that they
span. This was clearly demonstrated by
Rohlf (1998), when he showed that a sim-
ple shape change between two specimens
(an expansion of a subset of landmarks)
was not described by any individual warp,
but was perfectly described when all par-
tial warps were taken together. Thus the
claim by Fink and Zelditch (1995) that par-
tial warp scores should be individually bi-
ologically interpretable is unwarranted.

CHOOSING A REFERENCE FORM

In discussing evolutionary transforma-
tions, Fink and Zelditch (1995) stated that
shape deformations can be interpreted as
actual evolutionary events only if an out-
group specimen is used as the starting
form. In their protocol, the reference out-
group species served two purposes. First,
the average of several juvenile specimens
from this species was used as the starting
(reference) form for the TPS analysis. Sec-
ond, the character states of the reference
outgroup species were used to code the
characters of the other taxa, by coding all
regressions of shape on size for the refer-
ence outgroup species as 0, and coding
those of the ingroup taxa (as well as other
outroup taxa) relative to these scores. Such
a use of outgroups is common in phylo-
genetic studies (for discussion, see Mad-
dison et al., 1984; Swofford et al., 1996).
Although choosing an outgroup as a ref-
erence specimen sounds appealing from
an evolutionary perspective, there are a
number of difficulties with such a choice.
First, the term “‘reference configuration’”” in
geometric morphometrics is somewhat
misleading, as it refers to the point of tan-
gency between shape space and tangent

space; it should not be thought of as a ref-
erence form chosen on biological grounds.
The principal warp axes, on which the par-
tial warp scores are based, are defined
solely on the basis of the reference config-
uration, and are very sensitive to different
choices of a reference (see Rohlf, 1996,
1998). Because the partial warp scores are
merely projections of the specimens onto
the principal warps, use of a different ref-
erence will yield different partial warp
scores for the ingroup taxa. Because Fink
and Zelditch did not specify a method by
which to choose an appropriate outgroup
to serve as the reference (if more than one
is available), this poses some difficulties.
To illustrate this, we used Fink and Zeld-
itch’s protocol to generate four phyloge-
netic estimates for several host races of the
leaf beetle Neoclamisus bebbianae (the Pygo-
centrus data were not made available to us).
These host-associated races are known to
differ both morphologically (Adams and
Funk, 1997) and genetically (Funk, 1996),
and can thus be considered separate op-
erational taxonomic units for the purposes
of this example. The data used here are
part of a larger study on the relationship
between morphological shape and host-
plant specificity (Adams and Funk, 1997).
Eleven landmarks were recorded on 30
specimens of N. bebbianae from each of four
host-plant populations. For each analysis,
we chose one of four closely related species
(N. chamaedaphnes, N. comptoniae, N. gibbo-
sus, and N. platani) to serve as the reference
outgroup (Funk and Adams, unpubl.). As
in Fink and Zelditch, three small individ-
uals from the reference outgroup were av-
eraged to obtain the starting (reference)
shape; the remaining 27 specimens of the
reference outgroup were used to define
shape ontogenies for that taxon. Sixteen
partial warp scores were generated from a
TPS analysis, and each was regressed on
log(centroid size) to determine shape on-
togenies for each taxon. These were coded
as discrete characters, which were used to
generate phylogenetic estimates using a
heuristic search and Wagner parsimony,
with 100 bootstrap replicates, in PAUP 3.1
(Swofford, 1993). Finally, the phylogenetic
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N. bebbianae (ONT willow)
FIGURE 1. Topologies found by Wagner parsimony

for four host-associated races of the Neochlamisus beb-
bianae using different outgroup species (bootstrap val-
ues based on 100 replicates are shown). Sixteen dis-
crete characters were obtained from regressions of
partial warp scores on log(centroid size) following the
protocol of Fink and Zelditch (1995). A different out-
group was used for each analysis: (a) N. chamaedaphnes
(CI =1.000, RI =1.000). (b) N. comptoniae (CI =1.000,
RI = 1.000). (c) N. gibbosus (CI = 1.000, RI = 1.000).
(d) N. platani (CI = 1.000, RI = 1.000).

independence of the characters was as-
sessed following Fink and Zelditch’s (1995)
protocol.

Figure 1 shows the single most parsi-
monious trees (MPT) from each analysis.
For each MPT, none of the characters ex-
hibiting multiple changes along the phy-
logeny occurred at the same nodes. Thus
using Fink and Zelditch’s (1995) protocol,
all characters were determined to be phy-
logenetically independent of one another.
From Figure 1, it is evident that the choice
of a reference (starting) form has dramatic
consequences on the resulting ingroup to-
pology. There are several possible expla-
nations for this. First, using the protocol of
Fink and Zelditch, one codes the discrete
characters of the ingroup taxa relative to

the character states of the reference out-
group prior to running the phylogenetic
analysis. If the relationship between size
and shape is not constant between the pos-
sible reference outgroups, then changes in
ingroup character states will occur. To
avoid such difficulties, one usually polar-
izes characters by using multiple out-
groups (for a discussion, see Swofford et
al.,, 1996). Although multiple outgroups
can be analyzed phylogenetically using
Fink and Zelditch’s protocol, only one ref-
erence outgroup can be used, as the thin-
plate spline is based on only a single ref-
erence form. Therefore, the traditional so-
lution of desensitizing characters (Swof-
ford et al., 1996) to the choice of outgroup
cannot be applied to their protocol. Sec-
ond, because the principal warps are based
solely on the landmark configuration of
the reference specimen, choosing a differ-
ent outgroup to serve as the reference
specimen virtually guarantees differences
in the meaning of each partial warp (for a
discussion of choice of reference, see Rohlf,
1996, 1998). Therefore, the partial warp
scores of the ingroup taxa are not invariant
to changes in reference selection. Such lack
of character state invariance is an undesir-
able property for data used in phylogenetic
studies.

CHOOSING A BASIS FOR TANGENT SPACE

It cannot be overemphasized that the
space in which the specimens reside (the
space tangent to shape space) is biologi-
cally important, not the individual axes
that describe the space (Bookstein, 1991;
Rohlf, 1996). Because the relative distances
among taxa in tangent space are of inter-
est, any orthogonal basis spanning tangent
space is equally relevant to the study of
shape. This is because most statistical re-
sults (from, say, principal components
analysis or multivariate analysis of vari-
ance) are invariant to rigid rotations.
Therefore, one may think of rotating the
space and expressing the partial warp
scores in terms of a new orthogonal basis.
Such a rotation does not lose any infor-
mation about shape, nor does it change the
relationships of taxa within the space.
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If the discrete characters generated from
Fink and Zelditch’s (1995) protocol do not
change when an alternative basis for tan-
gent space is used, then the same ingroup
tree topology will be obtained from differ-
ent rotations of tangent space. This would
be an important test of their protocol, for
characters sensitive to arbitrary rotations
of the original data space are not reliable
for phylogenetic studies. We therefore took
the partial warp scores from a TPS analy-
sis of the host races of N. bebbianae, using
N. gibbosus as the reference outgroup, cod-
ed the ontogenetic shape regressions fol-
lowing Fink and Zelditch, and generated
an estimate of the phylogenetic relation-
ships among the taxa, again using Wagner
parsimony (Fig. 2a). We then chose three
alternative, arbitrary bases for tangent
space, found from three different rigid ro-
tations of the partial warp scores. We cod-
ed the ontogenetic shape regressions for
scores along the axes of each new basis,
and reestimated the phylogeny with these
newly coded characters (Figs. 2b—e). Un-
fortunately, we found tree topologies to be
very sensitive to different alternative bases
for tangent space when using their proto-
col. Our results show that different choices
of a basis for tangent space result in dif-
ferent tree topologies. Because different
bases are merely a rigid rotation of the
partial warp scores, which loses no infor-
mation about the relationships among taxa
in tangent space, we must conclude that
transforming the rotated continuous data
(regressions of shape on size) to discrete
character states loses information. Further,
we must also conclude that Fink and Zeld-
itch’s protocol is very sensitive to the
choice of basis for tangent space, and in-
consistently retains information about the
relationship between size and shape.

Only in recent years has the TPS been
used to describe shape variation within
and between populations (e.g., Bookstein,
1991; Zelditch et al., 1992; Swiderski, 1993;
Rohlf et al,, 1996; Adams and Funk, 1997).
Although new applications of the thin-
plate spline are constantly being investi-
gated (e.g., Morin et al., 1995), we feel that
the way Fink and Zelditch (1995) used par-
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FIGURE 2. Topologies found by Wagner parsimony
for four host-associated races of the Neochlamisus beb-
bianae using N. gibbosus as the outgroup species (boot-
strap values based on 100 replicates are shown). Six-
teen discrete characters were obtained from
regressions of partial warp scores on log(centroid
size) following the protocol of Fink and Zelditch
(1995). A different basis for tangent space was used
as the initial data set found from rigid rotations of the
partial warp scores prior to coding discrete characters:
(a) no rotation (original partial warp scores) (CI =
1.000, RI = 1.000); (b) principal components rotation
(CI =10.900, RI =0.667); (c) and (d) QR decomposition
rotation (CI = 0.875, RI = 0.600); and (e) random rigid
rotation (CI = 0.889, RI = 0.714).

tial warps for phylogeny estimation has se-
rious difficulties that must be overcome. In
the discussion of their paper, they bring up
several aspects of the method that war-
ranted further examination and debate.
Among these, they felt the most critical
question was “whether choosing different
starting forms or even choice of an alter-
native basis for shape space would result
in different phylogenies’”” (Fink and Zeld-
itch, 1995:358). We have shown through ex-
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ample that the choice of starting form, as
well as the choice of basis, has dramatic
consequences on the resulting phylogeny,
and therefore raises questions concerning
the reliability of their coding procedure.
Bridging the gap between ontogeny and
phylogeny has long been a goal of evolu-
tionary biologists. The work of Fink and
Zelditch is an important step toward our
understanding the relationship between
these two concepts. Because of our find-
ings, however, as well as the findings of
Naylor (1996) and Rohlf (1998), we must
conclude that the characters describing on-
togenetic shape trajectories obtained from
the protocol of Fink and Zelditch are not
suitable for character-based parsimony
methods.

ACKNOWLEDGMENTS

We thank F. James Rohlf and Dennis Slice for their
suggestions and comments on earlier versions of the
manuscript. Comments from Miriam Zelditch and an
anonymous reviewer are also acknowledged. This
work was supported in part by National Science Foun-
dation grant DEB-931572 (to F. James Rohlf) and is
contribution number 996 from the Program in Ecolo-
gy and Evolution at the State University of New York
at Stony Brook.

REFERENCES

Apams, D. C., aND D. J. FUuNK. 1997. Morphometric
inferences on sibling species and sexual dimor-
phism in Neochlamisus bebbianae leaf beetles: Multi-
variate applications of the thin-plate spline. Syst.
Biol. 46:180-194.

BOOKSTEIN, F. L. 1986. Size and shape spaces for land-
mark data in two dimensions (with discussion and
rejoinder). Stat. Sci. 1:181-242.

BooksTEIN, F. L. 1989. Principal warps: Thin-plate
splines and the decomposition of deformations.
IEEE Trans. Pattern Anal. Mach. Intell. USA 11:567-
585.

BooOksTEIN, F. L. 1991. Morphometric tools for land-
mark data: Geometry and biology. Cambridge Univ.
Press, New York.

BooksTEIN, E L., B. CHERNOFF, R. L. ELDER, J. HUM-
PHRIES, JR., G. R. SMITH, AND R. E. STRAUSS. 1985.
Morphometrics in evolutionary biology. Spec. Publ.
Acad. Nat. Sci. Phila. 15:1-277.

FARRIS, J. S. 1989. The retention index and the rescaled
consistency index. Cladistics. 5:417-419.

FINK, W. L., AND M. L. ZELDITCH. 1995. Phylogenetic
analysis of ontogenetic shape transformations: A
reassessment of the piranha genus Pygocentrus (Te-
leostei). Syst. Biol. 44:343-360.

FUNK, D. J. 1996. The evolution of reproductive isola-

tion in host-associated Neochlamisus leaf beetles: A
role for selection. Ph.D. Dissertation, State Univ.
New York, Stony Brook.

GOWER, J. C. 1971. Statistical methods of comparing
different multivariate analyses of the same data.
Pages 138-149 in Mathematics in the archaeological
and historical sciences (F. R. Hodson, D. G. Kendall,
and P. Tautu, eds.). Edinburgh Univ. Press, Edin-
burgh.

MabppisON, W. P.,, M. J. DONOGHUE, AND D. R. MAD-
DISON. 1984. Outgroup analysis and parsimony.
Syst. Zool. 33:83-103.

MORIN, A., M. A. RODRIGUEZ, AND D. NADON. 1995.
Temporal and environmental variation in the bio-
mass spectrum of benthic invertebrates in streams:
An application of thin-plate splines and relative
warp analysis. Can. J. Fish. Aquat. Sci. 52:1881-
1892.

NAYLOR, G.J. P. 1996. Can partial warp scores be used
as cladistic characters? Pages 519-530 in Advances
in morphometrics (L. F. Marcus, M. Corti, A. Loy,
G. Naylor, and D. Slice, eds.). Plenum, New York.

RoHLF, F. J. 1993. Relative warp analysis and an ex-
ample of its application to mosquito wings. Pages
131-159 in Contributions to morphometrics. Mono-
grafias del Museo Nacional de Ciencias Naturales
(CSIC), Volume 8 (L. F. Marcus, E. Bello, and A. Gar-
cia-Valdecasas, eds.). CSIC, Madrid.

RoHLF, E J. 1996. Morphometric spaces, shape com-
ponents, and the effects of linear transformations.
Pages 117-129 in Advances in morphometrics (L. F.
Marcus, M. Corti, A. Loy, G. Naylor, and D. Slice,
eds.). Plenum, New York.

RoHLF, F. J. 1998. On applications of geometric mor-
phometrics to studies of ontogeny and phylogeny.
Syst. Biol. 47:147-158.

RouLF, F J, A. Loy, AND M. CorrtIi. 1996. Morpho-
metric analysis of Old World Talpidae (Mammalia,
Insectivora) using partial warp scores. Syst. Biol. 45:
344-362.

SWIDERSKI, D. L. 1993. Morphological evolution of the
scapula in tree squirrels, chipmunks, and ground
squirrels (Sciuridae): An analysis using thin-plate
splines. Evolution 47:1854-1873.

SwoFFORD, D. L. 1993. PAUP: Phylogenetic analysis
using parsimony, version 3.1. Illinois Natural His-
tory Survey, Champaign.

SwOFFORD, D. L., G. J. OLSEN, P. J. WADDEL, AND D.
M. HirLis. 1996. Phylogenetic inference. Pages 407-
514 in Molecular systematics, 2nd edition (D. M.
Hillis, C. Moritz, and B. K. Mable, eds.). Sinauer,
Sunderland, Massachusetts.

ZELDITCH, M. L., F. L. BOOKSTEIN, AND B. L. LUNDRI-
GAN. 1992. Ontogeny of integrated skull growth in
the cotton rat Sigmodon fulviventer. Evolution 46:
1164-1180.

ZELDITCH, M. L., W. L. FINK, AND D. L. SWIDERSKI.
1995. Morphometrics, homology, and phylogenetics:
Quantified characters as synapomorphies. Syst.
Biol. 44:179-189.

Received 14 March 1997; accepted 29 May 1997
Associate Editor: D. Cannatella


http://clorinda.catchword.com/nw=1/rpsv/0706-652X^28^2952L.1881[aid=760008,csa=0706-652X^26vol=52^26iss=9^26firstpage=1881]
http://clorinda.catchword.com/nw=1/rpsv/0014-3820^28^2947L.1854[aid=759996,csa=0014-3820^26vol=47^26iss=6^26firstpage=1854]
http://clorinda.catchword.com/nw=1/rpsv/1063-5157^28^2947L.147[aid=760005,cw=1]

